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PREFACE 


.'i«t  i'cv  decades  have  been  marked  by  major  advances  in  the  development  of 
.  i  ■  r.y  of  organosilicon  compounds .  Considerable  results  have  been  achieved 
so  study  of  the  monomeric  compounds  and  in  the  development  of  methods  of 
and  studying  the  structure  ar»i  properties  of  high-molecular  organosilicon 
>  o y  new  and  interesting  fr  s  u..  / ;;  beer,  established,  which  have  deepen- 
,  : :wledge  in  this  field  of  chemistry  and  allow  us  to  draw  a  number  of  theo- 
(id  practical  conclusions.  These,  ccn'l usi ons  enable  us  to  approach  more 
;  u-t . the  development  of  the  synthesis  of  the  monomeric,  and  in  particular,  of 
Aymeric  organosilicon  compounds,  and  t  >  modify  their  properties  in  the  desired 
>:  lion. 

.;:e  advances  in  the  synthesis  of  organosilicon  compounds,  and  the  valuable  pro- 
.  f  the  polymere  products  prepared  and  the  materials  produced  from  them  have 
v.g-d  the  rapid  devclcpmen:  of  their  prc.iuctior ,  and  their  utilization  in  many 
■  n'.-  -i  the  national  economy'.  Organ- 'silicon  compounds  have  found  widespread  use 
•s  t  ■  *.  i  f  vcture  of  heat-resisting  high  grade  electric  insulating  materials,  in 
eh  ure,  in  the  production  of  electric  generators  and  other  electrical 
-•  ::i;  ■■■:•,  transformers  and  other  electrotechnical  equipment.  The  use  of  organo- 
..i.j  .n  compounds  in  electrical  tecmioiogy  permits  a  sharp-  increase  in  the  reli- 
.rt  of  operation  of  machines  and  equipment,  a  reduction  in  their  weight,  and 
.  vir.g  :n  the  consumption  of  materials,  and  opens  up  possibilities  for  the  creation 
of  new  and  more  improved  electrical  machines,  apparatus,  etc.  A  large  number  of 
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organosixieon  polymers  aie  >>1  great,  value  as  heat-resistant  and  anu-cor^sive  coal¬ 
ings  for  metals,  allowing  -./.eral ions  at  temperatures  from  -4o  •. ■■  s  for  "ho 
manufacture  of  aroproox  and  heat  resistant  plastics  axui  laminated  dielectrics,  and 
also  in  the  production  of  precision  castings  not  requiring  machining. 

Liquid  silicon  polymers  are  used  in  the  manufacture  of  various  lubricants,  hy¬ 
draulic  and  damper  liquids,  employed  over  a  wide  range  of  temperatures  above  and 
below  freezing.  Fillers  based  on  organo-aii icon  elastomers  allow  operation  of  unit: 
at  a  temperature  up  to  250°(1  anti  higher. 

The  high  hydrophobic  properties  of  organo-sil icon  comporrdr  an"  need  to  make 
glass,  paper,  wool  fabrics,  ceramics,  bedding  material  s,  etc.  unwettahle. 

The  field  of  application  of  organosi licon  compounds  is  continuously  expanding. 
But  the  large  amount  of  experimental  materials,  both  on  the  synthesis  and  on  the 
study  of  the  properties  of  various  products,  that  has  teen  accurnu . ated  up  to  now,  .s 
scattered  among  the  pages  of  numerous  literature  sources,  mainly  scientific  jour¬ 
nals,  and  in  his  work  the  research  chemist  often  loses  much  time  <  r.  finding  the  in¬ 
formation  he  needs.  For  this  reason  we  have  made  an  attempt,  in  this  mom  graph,  !■ 
systematize,  and,  in  a  number  of  cases,  also  to  discuss  critically,  the  literature 
on  hand  on  the  chemistry  of  organosiliccn  compounds  from  its  very  beginning  up  to 
about  the  middle  of  1994,  and  to  present  it,  starting  out  from  the  basic  ideas  which 
have  been  built  up  in  the  author’s  mind  as  a  result  of  many  years  of  work  in  this 
field.  I  recognize  that  a  number  of  fundamental  questions  in  the  cnemistry  of 
crganosilicon  compounds  cannot  be  fully  answered  in  this  book,  there  are  often 
contradictions  between  various  reported  data,  and  it  will  require  a  large  amount  of 
experimental  and  theoretical  work  to  eliminate  these  contradictions  and  give  a  con¬ 
sistent  interpretation  of  the  reported  facts.  This  book  does  not  consider  the 
methods  of  analysis  of  organosilicon  compounds,  since  the  reader  will  find  such 
material  in  the  book  by  Professor  A.P.Kreshkov  and  his  associates*  (for  footnote, 
see  next  page).  I  have  likewise  not  considered  the  properties  and  methods  of  pre- 


paring  various  materials  based  on  organo silicon  polymers  in  combination  with  asbes¬ 
tos,  mica,  glass  wool,  glass  fiber,  etc.,  since  I  am  preparing  a  separate  book  on 
this  subject  for  the  press. 

In  the  exposition  of  the  material  I  have  held  to  the  classification  and  nomen¬ 
clature  of  organo-silicon  monomers  and  polymers  published  in  collaboration  with  A.V. 
Topchiyev  in  Izv.  AN  SSR  (1953). 

I  express  my  profound  gratitude  to  S.A.Golubtsov,  who  participated  in  the  com¬ 
pilation  of  Chapters  IV  and  VI,  and  to  M.V.Sobolevskiy,  who  was  of  great  assistance 
to  me  in  editing  the  book. 

I  shall  be  grateful  for  all  comments  made  by  readers  of  the  book. 

K .And  rianov 


*A.P.Kreshkov, 

silicon  Compounds. 


V.A.Bork,  L.V.Myshlyayeva, 

Goskhimizdat,  1954. 


G.D.Nessonova. 


Analysis  of  Organo- 
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INTRODUCTION 


BRIEF  REVIEW  OF  THE  DEVELOPMENT  OF  THE  CHEMISTHT  OF  THE 
ORGANOSILICON  COMPOUNDS 

The  study  of  the  chemistry  of  silicon  compounds  commenced  in  1825*  when  silicon 
tetrachloride  was  synthesized.  The  discovery  of  organosilicon  compounds  dates  back 
to  1845 ,  when  esters  of  silicic  acid  were  prepared  from  silicon  tetrachloride  and 
alcohol.  The  experimental  studies  covering  the  period  from  the  1820* s  to  1890* s 
(works  of  Wohler  and  Buff;  Iadenburg;  Friedel  and  Crafts,  and  others)  led  to  the 
synthesis  of  various  inorganic  and  organic  silicon  compounds.  Among  the  inorganic 
compounds,  SiH^,  SiHCl^,  SiHBr^,  SiHI^,  etc.  were  prepared  during  this  period;  while 
the  organic  silicon  compounds  included  tetra-substituted  silanes,  alkyl-  and  aryl- 
chlorosilane3,  esters,  and  substituted  esters  of  orthosilicic  acid. 

The  similarity  in  structure  and  in  certain  properties  between  organic  compounds 
and  the  organic  compounds  of  silicon  led  to  the  idea  of  the  complete  similarity  be¬ 
tween  the  compounds  of  silicon  and  carbon.  This  view  lasted  until  P.I.Mendelyev 
demr.  ;st rated  that  between  the  properties  of  carbon  and  silicon  compounds  there  exist 
not  only  similarities  but  also  substantial  differences.  In  comparing  the  silicon 
compounds  known  at  that  time  with  the  carbon  compounds,  he  pointed  out  the  slight 
resistance  for  instance  of  compounds  between  silicon  and  hydrogen  and  halogens  to 
the  action  of  water,  which  sharply  distinguishes  them  from  the  analogous  carbon  com¬ 
pounds.  Thereby  he  put  an  end  to  the  incorrect,  one-sided  approach  to  the  chemistry 
of  organosilicon  compounds  (Bibl.l). 
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Mendeleyev  was  the  first  to  establish  that  the  compounds  of  silicon  with  oxygen, 
•/ml ike  the  compounds  of  carbon  with  oxygen,  have  a  polymeric  structure* 

The  second  period  began  in  the  1890*3  and  continued  to  the  1930*s.  It  is  diffi¬ 
cult  to  draw  a  sharp  line  between  these  two  periods,  but  for  this  period  in  the 
development  of  the  chemistzy  of  organosilicon  compounds,  the  influence  of  the  pro¬ 
position  established  by  Mendeleyev,  that  there  are  differences  between  silicon  and 
carbon  compounds,  is  characteristic. 

In  the  1890* s,  Stokes  (Bibl.2)  was  the  first  foreign  scientist  to  recognize 
Mat  certain  compounds  of  silicon,  for  example  (SiOCl2)x  are  high-molecular  poly- 
<3  Hexanes.  He  stated  that  he  had  reached  the  conclusion  that  this  compound  had  a 
nolymeric  structure  as  a  result  of  studying  the  work  of  Mendeleyev  (referring  to  the 
Second  German  Edition  of  nPrlnciples  of  Chemistry").  These  views  were  then  develop¬ 
ed  in  the  works  of  Stokes  and  his  associates,  and  of  other  authors.  During  this 
period  the  school  of  Kipping  and  other  investigators  (Bibl.3)  synthesized  a  large 
number  of  compounds  and  considerably  improved  the  research  technique.  It  was  found 
'.hat  the  fundamental  difference  between  silicon  and  carbon  resides  in  the  fact  that 
carbon  is  able  to  combine  with  equal  ease  with  electronegative  end  electropositive 
elements,  while  the  silicon  atom  has  a  greater  tendency  to  combine  with  electronega¬ 
tive  elements  and  groups. 

The  beginning  of  the  third  period  in  the  development  of  the  chemistry  of  organo¬ 
silicon  compounds  may  be  placed  in  the  1930* s,  that  is,  at  the  time  when  the  first 
studies  in  the  field  of  the  synthesis  and  study  of  the  high-molecular  organosilicon 
compounds  appeared. 

As  far  back  as  Mendeleyev  (Bibl.l),  who  was  the  first  to  pose  scientifically 
the  question  of  the  structure  of  silica  and  its  hydrates,  the  cause  of  the  differ¬ 
ence  between  the  properties  of  cirbon  dioxide  and  silicon  dioxide  was  considered  to 
reside  in  the  polymeric  character  of  silicon  dioxide. 

Butlerov  (Bibl.4)  pointed  out  that  silicic,  phosphoric  and  tungstic  acids  and 
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their  inorganic  derivatives  form  hydroxyl-containing  compounds  of  comple.. 
tion,  which  are  then  dehydrated  to  full  or  partial  anhydrides.  The  studies  r.f 
Soviet  chemists  from  1935  to  1939  (Bibl.5)  established  that  organosilicon  compounds 
containing  oxygen,  like  SiC^  or  other  organic  oxygen-containing  silicon  comnou.v)  ~ 
have  an  exceptional  tendency  to  fora  polymers.  Polymers  containing  siloxane  gioup3 
and  side  organic  radicals  directly  bound  to  the  silicon  atoms  were  first  synth-  ■  10c. 
and  described  in  these  works,  and  received  the  name  of  organosiioxanes. 

These  works  (Bibl.5)  laid  the  foundation  for  the  development  of  the  chemistry 
of  the  high-molecular  organosilicon  compounds  of  the  type  of  the  polyorganosiloxane: 
they  showed  tho  possibility  of  applying  the  polyorganosiloxanes  in  the  most  varied 
fields  of  technology.  The  wide  use  of  the  polyorganosiloxanes  in  turn  led  to  a 
large  field  of  research,  not  only  in  the  synthesis  of  new  polymers  and  the  study  of 
their  properties,  but  also  in  the  synthesis  of  new  organosilicons  as  the  starting 
iraterials  for  polymers.  In  this  connection  a  large  number  of  papers  devoted  tc 
monomeric  and  polymeric  organosilicons,  often  containing  contradictory  data,  ap¬ 
peared  in  periodicals. 

The  present  author  has  set  himself  the  task  of  critically  examining  and  system¬ 
atizing  the  extensive  material  accumulated  in  the  literature  on  the  synthesis  and 
investigation  of  an  extremely  important  type  of  polymers,  the  polyorganosiloxanes, 
as  well  ae  the  intermediates  for  their  eynthesis,  the  halo-derivatives  of  silicon, 
the  eetere  and  substituted  esters  of  orthoeilicic  acid,  the  alkylchlorosilanes  and 
arylchlorosilanes,  etc,  with  the  object  of  facilitating  their  use  by  both  scientific 
and  plant  workers. 

Silicon  and  its  Properties 

Silicon,  next  to  oxygen,  is  the  most  widespread  element  (by  weight).  The 
earth's  crust,  according  to  geochemical  calculations  (based  on  the  works  of  V.I. 
Vemadskiy,  A.Te.Fersman,  and  others),  is  composed  of  about  27%  of  silicon  (Bibl.6). 
While  carbon  is  the  most  important  element  in  the  composition  of  plant  and  animal 
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organisms,  silicon  is  ths  principal  element  in  the  composition  of  substances  of 
mineral  origin.  Silicon  compounds  are  also  contained  in  hair,  wool,  and  feathers; 
in  the  stalks  of  oertain  plants,  the  grasses,  the  horse-tail  weeds,  etc.,  in  the 
shells  of  many  infusoria,  in  the  bodies  of  sponges,  etc. 

Silicon  was  isolated  in  the  free  state  in  1811  by  Gay-Lussac  and  Tenard  by 
passing  the  vapor  of  silicon  fluoride  over  metallic  potassium,  but  they  did  not  des¬ 
cribe  it  as  an  element. 

In  1823,  Berselius  gave  a  description  of  the  silicon  isolated  by  him  from  po¬ 
tassium  fluosilicate  by  treating  it  with  metallic  potassium  at  a  high  temperature. 

K*SiF,  +  4K - >  6KF  +  Si 

In  its  purest  state,  elementary  silicon  may  be  prepared  by  the  action  of  magne¬ 
sium  on  pure  silica  by  the  reaction * 

2Mg  +  SiO, - -  2MgO  +  Si 

It  is  industrially  prepared  in  large  quantities  by  reducing  silicon  with  carbon 
in  electric  furnaces. 


SiO,  +  2C  *  Si  4-  2CO 

Silicon  occupies  the  position  in  the  fourth  group  of  the  Mendeleyev  periodic 
system  immediately  below  carbon,  of  which  it  is  an  analog.  This  was  why  organo- 
silicon  compounds  were  at  first  regarded  as  simple  analogs  of  organic  compounds.  It 
was  subsequently  found,  however,  that  the  organosilicon  compounds  have  a  number  of 
peculiarities  characteristic  of  them  alone,  and  therefore  form  an  independent  field 
of  chemistry. 

Silicon,  like  carton,  may  either  give  up  or  take  up  electrons,  but  its  ability 
to  take  up  electrons,  and  consequently,  its  metalloids!  properties,  are  somewhat 
less  pronounced  than  those  of  carton.  This  fact  is  of  great  importance  not  only  for 
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the  difference  in  the  chemical  reactions  of  these  two  elements,  but  also  for  the 
properties  of  their  compounds. 

It  is  interesting  to  compare  certain  properties  of  silicon  and  carbon,  and  to 
consider  the  hydrolytic  and  thermal  stability  of  the  bonds  of  these  elements  in 
various  compounds  with  other  elements. 

The  atomic  weight  of  silicon  is  28.09.  Three  isotopes  of  mass  28,29*  and  30 
are  known.  It  is  insoluble  in  water.  In  the  finely  dispersed  state  it  is  hygrosco¬ 
pic  and  gives  off  adsorbed  water  only  at  red  heat.  Crystalline  silicon  conducts 
electricity,  its  hardness  on  the  metallurgical  scale  is  between  6  and  7>  and  its 
specific  gravity  is  2.34-2.49.  Amorphous  silicon  has  the  specific  gravity*  2.00- 
2.35.  The  melting  point  of  silicon  is  1420°C.  Its  linear  expansion  coefficient 
(Bibl.7)  «40  -  0.00000763. 

The  atomic  weight  of  carbon  is  12.001,  that  of  its  isotope  is  13.  It  is  non- 
hygroscopic,  and  forms  two  crystalline  forms,  diamond  and  graphite,  and  an  amorphous 
fora,  coal.  Carbon  is  infusible  and  nonvolatile;  it  is  converted  into  the  vapor 
state  at  3000°C.  Graphite  and  coal  possess  electrical  conductivity;  the  diamond  is 
a  typical  dielectric.  When  either  diamond  or  coal  are  heated  above  1000°C,  they  are 
gradually  converted  into  the  most  stable  fora,  graphite. 

Elementary  silicon  enters  into  combination  with  hydrogen  at  the  temperature  of 
the  electric  arc,  forming  silicon  hydride  (SiH^)  (Bibl.8).  Silicon  reacts  with 

*The  dimensionless  quantity  formerly  called  the  "specific  gravity"  (ratio  of 
the  weight  of  a  body  to  the  weight  of  an  equal  volume  of  water  at  temperature  t°)  is 
customarily  called  the  relative  weight  in  modern  terminology. 

The  relation  between  the  weight  of  a  body  and  its  volume  is  called  the  specific 
gravity  and  is  expressed  in  g/cnP.  Since  most  of  the  inforaation  given  in  this 
book  has  been  taken  from  literature  sources,  the  old  terminology  will  be  retained 
here  and  hereafter. 
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nitrogen  at  1000°C  to  form  silicon  nitride,  SiN;  carbon  als >  forme  CpJ^  in  very 
3nvall  quantities,  but  only  at  1800°C. 

Fluorine  and  other  halogens  react  more  readily  with  silicon  than  with  carbon. 
Fluorine  combines  with  silicon  at  room  temperature,  chlorine  at  200-300°C,  bromine 
at  500 JC,  and  iodine  at  a  still  higher  temperature.  Carbon  in  the  form  of  coal 
likewise  reacts  with  fluorine  at  room  temperature. 

Carbon  does  not  react  with  chJorine,  bromine  nor  iodine. 

Silicon  oxidises  with  relative  difficulty  in  air,  but  readily  in  oxygen.  Car¬ 
bon,  in  the  form  of  porous  coal,  begins  to  oxidize  in  air  at  a  temperature  under 
100°C,  graphite  at  about  650°C,  diamond  at  over  800°C.  Acids  do  not  act  on  carbon 
nor  silicon.  Only  hydrofluoric  acid  acts  on  silicon.  Water,  in  the  presence  of 
alkalies  (which  evidently  play  the  role  of  catalysts)  reacts  witli  silicon,  giving 
off  hydrogen.  The  reaction  takes  place  in  two  stages: 


Si  4  311,0  '  UjSiO,  4  21b 

IbSiO,  4  2KOII  K5SiCb  4  211,0 

Carbon  does  not  react  with  water  under  ordinary  conditions. 

At  a  high  temperature,  the  oxides  of  silicon  and  carbon  form  silicides  and 
carbides: 

40.  4  4.Mf!  »  4i!>Si  4  ?Mr»o 

CaO  4H.  Tat',  f  CO 

The  atoms  of  carbon  are  easily  bound  with  each  other,  foraing  open  or  closed 
carbon  chains.  The  number  of  atoms  making  up  such  chains  may  be  very  large.  Mole¬ 
cules  composed  of  a  few  hundred  and  even  a  few  thousand  atoms  of  carbon  linked  with 
each  other  are  entirely  stable.  In  this  respect  silicon  differs  sharply  from  car¬ 
bon.  Silicon  atoms  form  bonds  with  each  other  only  with  difficulty,  and  such  bonds 
are  not  very  strong,  as  a  result  of  which  the  number  of  atoms  in  molecules  contain- 
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ing  the  bonds  -Si-Si-Si-  is  very  limited,  and  at  the  present  time  does  not  exceed 
14. 

Carbon  and  silicon  fom  strong  bonds  with  many  el  fluents.  The  strength  of  a 
bond  is  usually  determined  by  the  themochemical  method.  Table  1  gives  data  charac¬ 
terizing  the  strength  of  the  bonds  of  carbon  and  silicon  with  certain  elements 
(Bibl.9). 


Table  1 

Energy  of  Bonds  of  Carbon  and  Silicon  with  Certain  Elements* 


Bond 

Bond  tn.rqy  | 

|  kcM/mol  j 

_ 

Intoroiomic 

BittoncO 

X 

Bond* 

Bond  fnorqy 
kcol/m.t 

]nt*rotom>c  Mb 

o 

A 

(. 

62,77 

.  _ 

1,54 

. . 

Si— 4— 

58 

1  ,93  ±0.03 

C— H 

85,56 

1.14 

Si-H 

75 

1,54 

<;~-ci 

70 

1.69—1.77 

Si— Cl 

85 

2,00 

C-Br 

57 

1,94 

Si-Br 

69 

2.14 

c;-j 

48 

2,10 

Si-J 

51 

2,43 

C-l 

I'M 

1.35—1,42 

Si-F 

143 

1.54 

<:  < » 

7- 

'  .48 

Si— 

80 

Si-Si 

♦2.5 

1  .90  ±  0,03 

This  Table  gives  data  for  the  corresponding  symmetrical  compounds,  for 
instance  Si(CH^)^,  SiCl^,  etc. 

**For  the  siloxane  bond. 

The  compounds  of  carbon  and  silicon  differ  sharply  in  their  resistance  to 
hydrolysis.  Thus,  while  compounds  of  carbon  with  hydrogen,  halogens,  nitrogen,  and 
sulfur,  at  ordinary  temperatures,  are  not  hydrolysed  by  water  in  the  presence  of 
acids  and  bases,  compounds  of  silicon  with  these  elements  are  vezy  easily  hydrolysed 
under  the  same  conditions. 

THE  STABILITY  CP  THE  BOND  BETWEEN  SILICON  AND  OTHER  ELEMENTS 
The  Silicon-Carbon  Bond 

i  i 

Compounds  containing  the  bond  -Si-C-  occupy  a  position  intermediate  between 

I  I 
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organic  and  organometallic  compounds.  Tha  organoailioon  compounds  ara  very  divaraa, 
ani  tha  available  experimental  material  on  thair  behavior  on  haatihg  and  under  tha 
action  of  cheaical  raaganta  is  still  insufficient  to  establish  general  regularities 

I  I 

characterising  the  bond  -Si— 0-. 

I  I 

The  addition  of  an  organic  radical  to  silicon,  that  is,  the  formation  of  the 
l  I 

bond  — Si—C”,  takes  place  in  various  ways,  and  depends  on  the  nature  of  the  starting 
i  I 

substances  and  the  reaction  conditions* 

When  certain  silicon  coapounda  react  with  organic  substances,  the  fonaation  of 
I  I 

the  bond  -Si-O-  is  hindered,  and  requires  severe  conditions;  other  compounds  form 
I  I 

the  save  bond  under  very  nild  conditions*  This  nay  be  illustrated  by  the  following 
examples.  The  heating  of  silicon  tetrachloride  for  several  nonths  at  150PC  with 
such  alkylating  agents  as  (Ch^JjAl,  (Ch^JjHg  or  (Ch^gZn,  does  not  load  to  the  for¬ 
mation  of  organosilieon  coapounda  (Bibl.10).  With  the  ehlorosilanes  EjSiCl  and 
HgSiClj,  however,  these  reactions  take  place  under  nild  conditions.  Diphsnylnercury 
fonas  organosilieon  conpounds  with  SlCl^  only  when  heated  in  a  sealed  vessel  to 
3O0°C  (Bibl.ll). 

I  I 

The  difficulty  of  the  formation  of  new  -Si-C-  bonds  Increases  with  the  nunber 

I  I 

of  organic  radicals  bound  to  the  silicon  aton  (especially  with  aromatic  radicals. 

Attempts  to  prepare  tetraarylsilanes  by  the  action  of  a rylo rg&non&gnesiun  com¬ 
pounds  on  ehlorosilanes  were  long  unsuccessful,  and  this  method  was  considered  un¬ 
suitable  for  this  purpose  (Bibl.12).  However,  by  raising  the  temperature  to  140^, 
it  was  finally  possible  to  effect  the  replacement  of  all  halogen  atoms  in  halosil- 
anes  (Bibl.13)  by  aromatic  radicals. 

Under  these  conditions  it  was  possible  to  obtain  completely  substituted  organic 
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derivatives  of  even  the  higher  silanes ,  starting  out  from  such  halogen  derivatives  as 
Si2Cl6,  Si-gBrg,  Si^Clg,  or  from  the  oxychlorides  and  oxybromides  of  silicon, 

Si2OCl6,  Si2OBr6,  S^O^rg,  etc.  (Bibl.14). 

The  halogen  atoms  attached  to  the  silicon  atom  also  exert  an  influence  on  the 
formation  of  organosilicon  compounds  from  halosilanes.  Thus,  in  the  series  SiF^, 

I 

SiCl/.,  SiBrj,  the  energy  of  the  bond  -SL-X  decreases  sharply  from  143  kcal  for  the 
*  h  , 

I  I 

bond  — Si-F  to  69  kcal  for  the  bond  -Si-Br.  For  this  reason  the  possibility  of  fora- 

I  I 

I  I 

ing  the  bond  -Si-C-in  a  reaction  becomes  progressively  easier  from  fluosilicate  to 

I  I 

bromosilicate  (Bibl.15). 

I  I 

Bond  -3i-C-  in  organosilicon  compounds  is  almost  purely  covalent;  its  energy  of 
I  I 

I  I 

formation  is  close  to  the  energy  of  formation  of  the  -C-C-  bond.  Studies  of  tetra- 

I  I 

methyl  silane,  hexamethyldi  silane,  trimethylchloro  silane,  and  dimethyldichlorosilane, 
and  of  cyclic  organosiloxanes  have  shown  that  in  the  first  two  of  these  compounds, 

I  i 

the  interatomic  distances  -Si?-C-  correspond,  within  the  limits  of  experimental 

I  l 

error,  to  the  calculated  sum  of  the  covalent  radii  of  the  Si  and  C  atoms* • 

In  the  methylchlorosilanes,  this  distance  decreases  as  the  number  of  chlorine 
atoms  attached  to  the  silicon  atom  increases  (Bibl.16).  We  give  below  the  inter- 

I  I 

atomic  distances  -Si-0-  in  methylsilanes  and  methylchlorosilanes. 


The  sum  of  the  covalent  radii  of  the  Si  and  C  atoms  equals 

I  17  4-  0,771  1.041  H 
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(CH,)4s, 

l«'H3)aSij, 


lnttr*tomic 

Distances,  A 

1,92  +  0,03 
1, 90  ±0,03 


(CHj).SiCI 

(CH,),SiCi, 


Intnatamic 
Distances  A 

1 ,89  ±0,03 
1 ,83±0,03 


The  thermal  stability  of  the  -Si^-C-  bond  is  determined  by  the  type  and  size  of 

II 

the  organic  radical  and  of  the  other  atoms  or  groups  bound  to  the  silicon  atoms. 

The  tetra- substituted  silanes  have  exceptionally  high  thermal  stability;  thus, 
according  to  certain  data,  tetraaethyl silane  begins  to  decompose  only  at  650-700°C 
(Bibl.17).  These  teoperatures  are  very  high,  and  their  authenticity  appears  very 
doubtful.  As  we  have  succeeded  in  establishing,  for  polydimethylsiloxanes,  the 

CHj-Si—  bond  begins  to  break  down  at  300-350°C. 

Dolgov* s  studies  have  shown  that  in  the  tetra-substituted  silanes,  the  stabil— 

I  I 

ity  of  the  -Si-C-  bond  to  heating  in  an  atmosphere  of  hydrogen  increases  on  transi- 

I  I 

tion  from  aliphatic  to  aryl-substituted  compounds.  These  studies  showed  that,  as  a 
result  of  the  long  heating  uf  tetraethylsilane  and  hexaethyldisilane  at  350-360^0, 
they  decompose,  with  cleavage  of  5 0 %  of  the  ethyl  radicals,  forming  ethane.  Under 
the  same  conditions,  1536  of  triethylphenylsilane  decomposes  while  tetraphenylsilane 
remains  unchanged,  even  at  450^0  (Bibl.18). 

I  I 

The  chemical  stability  of  the  bond  depends  on  the  structure  of  the 

I  I 

organic  radical  bound  to  the  silicon  atom,  the  molecular  structure  of  the  organo- 
silicon  compound  as  a  whole,  and  on  the  nature  of  the  reagent  involved.  Under  the 
action  of  concentrated  sulfuric  acid  on  methyl ethylpropylbenzylsilane,  only  the 
methyl  radical  is  cleaved,  and  when  it  acts  on  tetra-substituted  alkylaryl silanes. 
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the  aryl  radical  ie  cleaved,  while  the  alkyl  radical  is  cleaved  with  greater  diffi¬ 
culty  (Bibl.19)* 

The  action  of  fuming  sulfuric  acid  on  aliphatic  substituted  esters  of  ortho- 

I  I 

silicic  under  mild  conditions  does  not  lead  to  rupture  of  the  -Si— C-  bond,  but  its 

I  I 

action  on  mixed  alkyl- (aryl )-substituted  esters  under  the  same  conditions  lead  to 
cleavage  of  the  phenyl  group.  Chloro sulfonic  acid  cleaves  the  isobutyl  radical  from 
methylisobutylbenzylsilane,  but  in  dibensylpropylethylsilane  it  does  not  cleave  the 
organic  radical,  but  merely  sulfonates  the  bensyl  groups  (Bibl.20). 

Fuming  HC1  on  prolonged  heating  at  90°C  with  an  alkylphenylsilane  cleaves  the 
phenyl  radical.  Dialkyl-and  diaryldichlorosilane,  as  well  as  trlalkyl-and  triaryl- 

I  I 

chloro silanes,  are  less  sensitive  to  the  action  of  fuming  HC1;  the  bond  -Si~£-  in 

I  I 

them  is  not  ruptured  even  on  heating  with  HC1  at  200°C  (Bibl.21). 

Under  the  action  of  nitric  acid  on  phenyltriethylsilane,  diphenyldiethylsilane, 

I  I 

triphenylethylsilane,  and  tetraphenylsilane,  the  bond  -8i-C-  is  not  broken,  but  the 

aromatic  nuclei  are  nitrated  instead. 

The  action  of  chaaical  reagents  on  the  aminophenylsilanes  is  interesting. 

Under  the  action  of  acid  and  alkalies  on  p-aminophenylsilanes,  they  are  decomposed, 

I  I 

with  rupture  of  the  -Si— C-  bond,  and  formation  of  aniline  and  hydroxysilanes,  while 

l  I 

the  m-aainopheoylsilanes  are  not  decomposed  on  boiling  with  HC1  nor  with  alkali 
solutions.  The  aminophenylsilanes  are  likewise  brominated  and  acetylated  without 

breaking  the  -Si— C-  bond  (Bibl.22). 

I  I 

When  bromine  acts  on  tetraazylsilanes  at  high  temperatures,  there  may  be  not 

I  I 

only  bromination  of  the  aromatic  nuclei  but  also  rupture  of  the  -Si-C-  bond.  This 
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is  observed,  for  instance,  when  bromine  acts  on  tetraphenylsil&ne: 


(C,H,)«SH  Br.,  — »  <C«M,)sSiBr  +  QH,Br 

Under  the  action  of  halogens  on  aliphatic  tetra- substituted  silanes,  the 
organic  groups  are  not  cleaved  (Bibl.23) • 

The  bond  between  silicon  and  carbon  is  relatively  stable  to  the  action  of 
alkalies.  They  are  able  to  break  it  only  under  vexy  severe  conditions.  Thus,  for 
example,  the  methyl  groups  in  haxamethyldisiloxane,  in  polydimethylsiloxanes,  and  in 
polymethylsiloxanes  are  cleaved  only  on  treatment  of  the  compounds  with  aqueous 
alkalies  in  an  autoclave  under  pressure,  and  at  temperatures  of  200°C  or  over  (Bibl. 
25).  In  this  case  methane  and  sodium  silicate  are  formed.  The  cyclic  tri-and 
tetraorganosiloxanes  undergo  similar  cleavage.  Ladenburg  has  shown  that  the  organo- 
hydroxysilanes  cleave  the  organic  radical  when  boiled  with  alkali  (Bibl .24). 

Concentrated  alkalies  at  high  temperatures,  in  the  presence  of  solvents  con¬ 
taining  hydroxyl,  decompose  heacamethyldisiloxane,  liberating  methane,  while  in  the 
presence  of  solvents  not  containing  hydroxyl,  the  siloxane  bonds  thens elves  are 
ruptured. 

The  introduction  of  a  halogen  atom  into  aliphatic  radicals  bound  to  a  silicon 

I  I 

atom  sharply  modifies  the  properties  of  the  -Si-C-  bond  (Bibl  .26). 

I  I 

The  influence  of  the  position  of  the  halogen  atom  (with,  respect  to  the  silicon 

I  I  • 

atom)  in  the  organic  radical  on  the  strength  of  the  -SJWJ-  bond  under  the  action  of 

various  chemical  reagents  has  been  studied  in  a  number  of  works.  It  has  been  estab¬ 
lished  that  chloromethyltrichlorosilanes  with  chloromethyl  group  containing  less 

i  i 

than  three  atoms  of  chlorine  resist  hydrolysis  at  the  -Si-C-  bonds  by  an  acid 

I  I 

catalyst,  but  are  cleaved  by  an  alkali,  or  by  KCN  or  Na  CN  solutions.  Hydrolysis 
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becomes  easier  with  increasing  degree  of  chlorination  of  the  methyl  group.  Thus, 
the  trichloromethyltrichlorosilanes  are  easily  hydrolyzed  by  water  according  to  the 
following  formula: 

CUCSiCI,  +  2HOH - *•  SiOs  +  3HCI  +  HCCI, 


This  reaction  has  been  used  to  establish  the  structure  of  various  ehloromethyl- 

chlorosilanes.  Thus,  for  example,  when  methyldi(chloromethyl)chlorosilane, 

^CH2C1 

CH^Si-Cl  ,  is  treated  with  hot  alkali,  methyl  chloride  is  formed,  but  when  hot 
NCH2<31  /CHCla 


alkali  acts  on  dimethyldichloromethylehlorosilane,  (CH,),Si 


\C1 


,  methylene  chlor¬ 


ide  is  formed  instead. 

a-chloroethyltrimethylsilane,  (CH^)-jSiCHClCH-j,  according  to  Ushakov  and 
Itenberg  (Bibl.27),  is  decomposed  only  with  great  difficulty  by  alcoholic  alkali; 
thus,  trimethylvinylsilane  is  formed  only  after  9  hours  heating  at  145°  in  a  sealed 
tube. 


3 -chloroethyltrimethylsilane,  (CH^  J^SiCHgCH^l,  is  easily  hydrolyzed  by  1,5  N 
aqueous  alkali  (Bibl.28). 

The  reaction  of  cleavage  of  the  halogen  atom  bound  to  the  3  -carbon  atom  was 

I  I 

accompanied  by  rupture  of  the  -Si—C-  bond  regardless  of  the  nature  of  the  chemical 

I  I 

reagent  used  for  cleavage  of  the  halogen.  The  only  difference  observed  was  in  the 

i  i 

velocity  of  rupture  of  the  -Si-C-  bond*  The  reaction  proceeded  according  to  the 

I  I 

formula: 


( :IC.H,  ;n.,— Si(C.I  I,)t  +  2HjO  — >  (C.H,),Si(OH)o  +  2HCI  +  Cjl-U 

I 


The  reaction  of  3  -chloroethyldiethylchlorosilane,  3  -chloroethyldiethylfluoro- 
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silane,  and  3-chloroethyltriethylsilane  with  the  following  substances  was  investi¬ 
gated:  alcoholic  alkalies,  aqueous  alkalies,  potassium  acetate  in  acetic  acid, 
methylmagnesium  bromide,  aluminum  chloride,  silver  nitrate  in  alcoholic  solution 
(Bibl.29).  The  ethylene  liberated  during  the  reaction  was  absorbed  by  bromine. 
Table  2  gives  data  on  the  results  of  this  study. 

Table  2 

Degree  of  Hydrolysis  of  ^-Chloroethylhalodisilanes, 

Depending  on  the  Reagent  and  the  Temperature  (in  % 
of  the  Theoretical  Yield  of  Ethylene) 

The  following  notation  is  used  for  compounds  in  the  Table: 

1  -  P-chlo  ro  ethyld i ethylfluoro silane ; 

2  -  (3-chloroethyldiethylchlorosilane; 

3  -  P-chloroethyltriethylsilane 


Compound 

Reagents 

Temperature, 

°C 

Yield  of  Ethylene 
in  %  of  Theoretical 

1 

Water 

20 

3040 

2,  3 

Water 

20 

i  1 

2 

Water 

100 

35-45 

1,  2 

1.2$  N  RaOH 

20 

85-90 

3 

The  Same 

20 

<  55 

3 

5(3 %  CHjOH 

100 

i  5 

3 

1.25  N  in  $0£  CH3OH 

100 

<  5 

1.  2,  3 

CH3OH 

100 

<  5 

1 

1.25  N  XOH  in  CH3OH 

20 

70-75 

2 

The  Same 

20 

60-70 

1 

1.25  N  CH3ONa  in  CRjOH 

20 

60-70 

2 

The  Same 

20 

60-70 

3 

The  Same 

20 

<  10 
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Compound 

Reagents 

Temperature, 

°C 

Tiald  of  Ethylene 
in  %  of  Theoretical 

1,  2 

Glacial  CH3COOH 

100 

<10 

1,  2 

1.25  N  CH3COOK  in  CH3COOH 

100 

30-50 

1.  2 

Dry  Pyridine 

100 

<5 

1,  3 

0.2  N  AgN03  in  CI^OR 

20 

95-97 

2 

The  Same 

20 

45 

Experiments  have  shown  that  nucleophilic  reagents  easily  rupture  the  Si-C  bond 
in  3  -chloroethyldiethylfluorosilane  and  (3  -chloroethyldiethylchlorosilane. 

P -chloroethyltriethylsilane  is  considerably  more  stable,  and  it  reacts,  with 
the  breaking  of  the  Si-O-bond ,  only  under  the  action  of  a  1.25  N&OH  solution  and  of 
a  0.2  N  solution  of  silver  nitrate  in  methanol. 

The  Si-C  bond  in  organosilicon  compounds  containing  a  halogen  atom  bound  to  the 
Y  -carbon  atom  is  destroyed  by  hydrolysis.  In  this  case,  cyclopropane  may  be  foraed 
(Bibl.30): 


(-H* 

Cl  I3— — Cl  I,-  -Cl  l2 — Cl  Ij— Cl 
I 

Cl  I, 


CH, 

I 

( :i  i, — si — ci  + 
I 

CM, 


CM. 

/\ 

HSC — CM. 


The  reaction  depends  to  a  considerable  degree  on  the  reagent  and  on  the  condi¬ 
tions  of  cleavage  of  the  product. 

Y  -broaopropyltrimethylsilane  (CH^J-jSiC^CH^HgBr  (I)  and  Y  -chloropropyltri- 
chlorosilane  CljSiCHjjC^CHgCl  (II)  were  investigated. 

y -broaopropyltrimethylsilane  (product  I)  in  the  presence  of  AlCl^  (1%  of  the 
weight  of  product  I)  is  decomposed  with  the  liberation  of  cyclopropane  (92%  of 
theoretical).  The  reaction  is  initiated  spontaneously  in  Uie  cold.  The  mixture  is 
then  heated  to  70°C.  The  residue  in  the  flask  consists  of  trimethylbromsilane. 
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When  product  I  is  boiled  $  hours  with  an  excess  of  a  20 %  solution  of  KOH  and 
50£  ethanol,  cyclopropane  is  not  liberated,  but  the  halogen  is  completely  split  off. 
When  y -chloropropyltrlchlorosilane  (product  II)  reacts  with  a  30£  solution  of  KOH  in 
absolute  ethanol,  cyclopropane  (31/6)  is  liberated.  The  reaction  begins  at  room 
temperature,  but  for  completion  it  requires  addition  of  aqueous  alkali  and  heating 
of  the  mixture  to  boiling. 

Under  the  action  of  AlCl^  on  II,  cyclopropane  is  not  liberated.  The  reaction 
product  has  a  higher  boiling  point  than  the  initial  product,  and  consists  of  a  mix- 
ture  of  uninvestigated  substance. 

The  mechanism  of  the  formation  of  cyclopropane  on  the  hydrolysis  of  organo sili¬ 
con  compounds  containing  halogens  bound  to  the  y -carbon  atom  depends  on  the  reagent; 
thus,  on  hydrolysis  by  water,  the  nucleophilic  agent  (hydroxyl)  attacks  the  silicon 
atom: 


H-o 


O  -f-  — Si— CH,— C 


CH,— CH,X  zl  HO-..Si...CH,— CHj-CH,.-  X* 


I  yCHt 

HO— Si—  -j-  H,C'  |  ;+  X- 


N 


CH, 


The  replacement  of  the  halogen  atoms  by  methyl  groups  leads  to  a  lowering  of 
the  electrophilic  activity  of  the  silicon  atom,  and  the  cleavage  reaction  does  not 
take  place.  Under  the  action  of  aluminum  chloride,  which  is  a  more  powerful 
electrophilic  agent  than  silicon,  ionisation  takes  place  at  the  C— X  bond,  and  the 
complex  [AlZ^j  is  foraed: 


-L 


i — CH, — CH,— CH|X  +  AIX, - *  — Si-CH,— CHr-CH,  +  (AIXt) - 


- -1*+  H,C - CH,  +  fAIX,|- 


-!>iX  f-  HSC - CH,  +  AIX, 

I  x  / 

CH, 


The  presence  of  a  triple  bond  in  the  radical  attached  to  the  silicon,  as  shown 
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by  Vol’nov  and  Reutt  In  their  study  of  phenylvinyltriethoxysilane,  so  strongly  re¬ 


duces  the  strength  of  the  — Si^-O—  bond  that  the  action  of  water  is  enough  to  rupture 

it  (Bibl.31).  In  this  case  the  following  reaction  occurs: 

C«HiC=CSi(OCjH|),  +  2H,0 - >  3C,H»OH  +  C,H,C=CH  +  SiO, 

On  treatment  of  compounds  containing  the  allyl  radical,  CHg  ■  CH-CHgSi (CX^H^ 
with  water,  dilute  acids  or  dilute  alkalies,  no  cleavage  of  the  organic  radical  was 
observed  (Bibl.32). 

In  silicon  compounds  containing  the  vinyl  radical,  for  instance  CH2  ■  CH-Si- 

,  %  II 

(OR)-j,  the  -Si-O-  bond  is  likewise  not  destroyed  by  water,  dilute  acids  nor  dilute 
alkalies. 

As  will  be  seen  from  these  examples,  the  stability  of  the  Si-C  bond  is  affected 
by  the  presence  of  triple  bonds  or  a  halogen  in  the  organic  radical,  and  by  their 
position  with  respect  to  the  silicon  atom,  but  the  introduction,  for  instance,  of 
halogens  into  the  aromatic  radical  does  not  weaken  the  Sl^-C  bond.  Thus  the  experi¬ 
mental  material  available  on  this  subject  is  still  inadequate  for  establishing  defi¬ 
nite  regularities  characterizing  the  influence  of  the  composition  and  structure  of 

I  I 

the  substituent  on  the  strength  of  the  -Si-C-  bond. 

I  I 

Dichlorophenyltrichloro silane  and  trichlorophenyltrlchlorosilane  are  substan- 

I  I 

ces  of  exceptional  chemical  stability;  the  -Si-0-  bond  in  them  and  in  the  polymers 
based  on  them  cannot  be  broken  by  the  action  of  dilute  alkali,  sulfuric  or  nitric 
acid. 

I  I 

The  resistance  of  the  -Si-C-  bond  in  organosilicon  compound  to  the  action  of 


F-TS-9191A 


21 


oxygen  has  not  been  studied  sufficiently.  The  available  observations  relate  mainly 


to  the  action  of  oxygen  on  polymeric  organosilicon  compounds  containing  both  -Si-C- 

I  I 

I  I 

and  -Si-Q-Si-  bonds  in  the  same  molecule.  Polymeric  organosilicon  compounds  (poly- 
organosiloxanes)  have  higher  resistance  to  the  action  of  heat  and  oxygen  than  purely 

I  I 

organic  compounds  containing  the  -C-C-  bond,  although,  as  shown  above,  the  values 

II  II 

for  the  bond  energy  of  -Si— C-  and  -C-C-  are  close  together.  Thus,  for  example,  the 

aliphatic  hydrocarbons  (paraffin)  on  heating  in  a  current  of  air,  begin  to  oxidize, 

•  1  ^ 
with  rupture  of  the  -C-C-  bonds,  at  temperatures  somewhat  higher  than  lOCrC.  The 

polymeric  organic  compounds,  polystyrene,  polyethylene,  polyisobutylene,  etc.,  have 
a  high  sensitivity  to  the  action  of  oxygen  at  temperatures  over  100°C.  This  is  con¬ 
firmed  by  the  fact  that  they  age  under  the  conditions  of  practical  use  in  industry 
at  temperatures  over  120°C.  The  polyorganosiloxanes,  as  is  commonly  known,  begin  to 
oxidize  only  at  180-200°C.  In  this  connection  it  is  important  to  explain  the  causes 

I  I 

of  the  higher  stability  of  organosilicon  polymeric  compounds  containing  -Si— <jr- 
bonds. 

I  I 

On  rupture  of  the  -Si-C—  bonds,  the  products  of  the  oxidation  of  the  organic 

radicals  are  aldehydes,  acids,  etc.  These  oxidative  processes  may  be  represented 
schematically  as  follows  (Bibl.33): 


JOO— 3W°C 

(KjSiOi,,  +  *  >.. 


K 

i 

— Si— O 
! 

R 


“  K 

I  I 

s 

I  O 


Jm 


ffiR'CHi  > 
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The  explanation  for  the  thermal  stability  of  the  polyorganosiloxanes  must  be  sought 
in  the  difference  between  the  oxidation  products  of  silicon  and  carbon.  It  is  well 
known  that  silicon,  in  contrast  to  carbon,  does  not  yield  gaseous  oxidation  pro¬ 
ducts,  but,  on  oxidation,  forms  polymeric  substances  of  the  type  (Si20)n.  The  ther¬ 
mal  stability  of  polymeric  organosilicon  substances  under  the  action  of  oxygen  is 
due  to  the  exceptional  stability  of  the  siloxane  bond  in  the  main  chain  of  the  mole¬ 
cule,  and  to  the  appearance  of  an  additional  siloxane  bond  in  the  place  formerly 
occupied  by  an  organic  radical  that  has  been  oxidized.  In  this  case  an  increase  in 
total  molecular  weight  is  observed,  in  contrast  to  the  behavior  of  organic  polymers, 
which,  on  oxidation,  as  a  result  of  the  breaking  of  the  carbon  chain,  form  volatile 
products,  with  a  decrease  in  the  total  molecular  weight  of  the  polymer.  This  cir¬ 
cumstance,  in  our  opinion,  is  what  determines  the  exceptional  stability  of  polymeric 
organosilicon  compounds  (polyorganosilaxane)  by  comparison  with  organic  compounds. 

I  I 

The  thermal  and  oxidative  processes  affecting  the  -S1-&-  bond  lead  only  to  a  re- 

I  I 

arrangement,  but  not  the  destruction  of  the  chain  of  polyorganosiloxanes,  while 
thermal  degradation  and  oxidative  processes  in  organic  polymers  are  accompanied  by 
I  I 

rupture  of  the  -C-C-  bond  in  the  molecular  chains  and  the  side  groups,  with  the  for- 
I  I 

nation  of  gaseous  products. 

The  liberation  of  volatile  products,  formed  owing  to  the  oxidation  of  the  frag¬ 
ments  of  the  molecular  chains  and  side  groups  in  organic  polymers,  encourages  the 
increased  access  of  oxygen  to  the  still  intact  chains  of  the  molecules,  and,  as  a 
rule,  these  processes  take  place  at  an  ever  increasing  velocity.  In  polyorgano- 
siloxanes,  under  the  same  conditions,  what  happens  is,  for  the  most  part,  rupture 
I  I 

of  the  -Si-C-  bond,  accompanied  by  cleavage  of  the  organic  radicals  in  the  form  of 
oxidation  products  (aldehydes,  acids,  etc.)*  The  chains  themselves  are  not  destroy- 
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ed  in  this  case.  The  detachment  of  the  organic  radicals  is  accompanied  by  the  for¬ 
mation  of  oxygen  bridges  between  the  chains  of  the  polyorganosiloxane  molecules, 
limiting  the  access  of  or^-gen  to  the  unaffected  organic  radicals,  as  a  result  of 
which  further  oxidation  is  retarded.  The  detachment  of  organic  radicals  on  heating 
and  the  action  of  oxygen  takes  place  more  easily  in  polyorganosiloxanes  containing 
aliphatic  radicals.  The  polyorganosiloxanes  containing  aromatic  radicals  or  mixed 
aromatic-aliphatic  radicals  are  oxidized  with  greater  difficulty  by  oxygen,  owing  to 
the  greater  stability  toward  oxidation  of  the  phenyl  radical,  and  to  the  formation, 
during  the  oxidation  process,  of  antioxidants  (phenols)  which  reduce  the  effective- 

I  I 

ness  of  the  action  of  oxygen  on  the  -Si— C-  bond . 

I  I 

I  I 

The  possibility  of  the  existence  of  a  multiple  bond  -Si«C-  is  disputed  at  the 
present  time,  in  spite  of  Sohlenk’ s  statement  that  he  had  prepared  the  compound 
(G6H5^2si“CH2*  In  later  studies,  products  of  this  type  were  not  obtained.  In  those 

I  I 

cases  where  one  might  expect  the  formation  of  compounds  with  the  multiple  bond  Si-C 

(the  reaction  of  methylene  chloride  with  a  silicon-copper  alloy),  the  cyclical  com¬ 
pound  (Cl-jSiCHgJjj  or  the  open-chain  compound  CljSiCHjjSiCl-j  was  obtained;  on  the  re¬ 
action  between  dichlorethane  and  an  alloy  or  mixture  of  silicon  and  copper,  hexa- 
chloroethylenedisilane,  Cl^iCHjgCHgSiC^,  was  obtained. 

Certain  reactions  connected  with  the  cleavage  of  an  organic  radical  are  regard¬ 
ed  as  a  stepwise  process,  in  which  the  siliconium  ion(Bibl.35),  which  is  said  to  be 
formed  as  an  intermediate  product,  plays  a  great  role.  This  explanation  of  the 
mechanism  of  the  reaction  has  been  advanced  without  direct  proof  and  is  based  mainly 
on  the  fact  that  silicon,  as  an  element  of  store  electropos, ■ i/e  character  than  car¬ 
bon,  should  form  a  positive  siliconium  ion  more  readily  than  carbon  forms  the  car- 
bo  nium  ion. 

Pros  this  point  of  view,  the  hydrolysis  of  p  -oxypropyltrimethyl silane  should  be 
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represented  as  follows: 


OH  HOH 

(CHs),— Si— C1I2— CH— CHa  H+  ^  (CH,),Si-CH,-CH-CH,  ^ 

(CH,)sSi-CH..-CH-CHa  +  H,0  (CH,),Si  4-  CH,=CH-CH,  +  H,0  5* 
(CHj)aSiOH  +  CH*=CH-CH,  +  H+ 


The  formation  of  -o ilium  compounds  is  accelerated  when  the  acidity  of  the  medium 
is  increased  or  when  electron-donor  groups  are  introduced  into  the  aromatic  radical* 
For  example,  for  triphenylfluoromethane,  for  which  the  formation  of  carbonium  ions 
has  been  demonstrated,  the  introduction  of  methyl  groups  into  the  aromatic  nucleus 
in  the  para^-position  accelerates  the  process  of  hydrolysis: 


Hydrolysis  is  slowed  with  increasing  pH* 

The  opposite  relationship  has  been  established  for  tripheqylfluorosilane*  The 
introduction  of  methyl  groups  into  the  aromatic  nucleus  in  the  para  position  retards 
hydrolysis  by  a  factor  of  about  5,  while,  on  increase  of  the  pH,  there  is  a  sharp 
acceleration  (by  10^  times)  of  hydrolysis*  Thus  the  experimental  data  lead  to  doubt 
with  respect  to  the  possibility  of  formation  of  siliconium  ions  during  the  process 
of  hydrolysis.  It  is  more  probable  that  the  intermediate  products  in  hydrolysis  are 
compounds  of  penta-coralent  silicon,  of  the  type 

c,h5 
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which  then  cleave  according  to  the  reaction: 

!!sOSi(C,H4)sF  -  -  -•  I!«OSi(C,H»)s  +  - ''  HO-Si(C,lls)s  +  H+  +  F* 

Such  a  mechanism  is  in  complete  agreement  with  the  experimental  data,  and  explains 
why  hydrolysis  is  accelerated  in  an  acid  medium. 

The  Silicon-Oxygen  Bond  (Silaxane  Bond) 

Most  known  organosilicon  polymers  are  constructed  of  silaxane  chains 

i  I  i 

. .  ^-O-Si-O-Si-O-Si- . . . ,  in  which  the  silicon  atoms  are  also  bound  to  organic  radi- 

I  I  I 

cals.  The  thermal  stability  of  the  silicon-oxygen  bond  is  very  high.  Quarts  melts 
at  about  1800°C,  but  heating  it  to  temperatures  below  the  melting  point  causes  no 

I  I 

perceptible  destruction  of  the  bonds  -Si-O-Si— .  In  the  organosilicon  polymeric  com¬ 
pounds  (polyorganosilaxanes),  the  thexmal  stability  of  the  silaxane  bond  is  con¬ 
siderably  lower  than  in  quartz  and  the  silicates,  and  depend  on  the  number  of 
organic  radicals  attached  to  the  silicon  atom.  With  increasing  number  of  organic 
radicals  attached  to  the  silicon  atom,  the  thermal  stability  of  the  silaxane  bond 
decreases.  The  structure  of  the  molecules  of  polyorganosilaxanes,  (cyclic  or 

%  I  I 

linear)  likewise  exerts  an  influence  on  the  thexmal  stability  of  the  -Si-O-Si-  bond. 

A  study  of  the  thexmal  stability  of  polydimethylsilaxanes  of  the  structure 
HO-l[(CH^)2SiO]x-Si(CH^)20H  shows  that  on  heating  them  to  400°C,  without  access  of 
air,  they  are  decomposed  with  formation  of  low-molecular  cyclic  polymers  [(0113)2 
SiOJn,  where  n  •  3»  4,  5»  6  or  more.  On  such  thermal  treatment,  about  44£  of  the 
trimer,  2U%  of  the  tetxmmer,  9%  of  the  pentamer,  10 %  of  the  hexamer,  and  about  1 8% 
of  compounds  more  highly  polymerized  than  the  hexamer,  are  formed.  It  is  charac¬ 
teristic  that  the  content  of  methyl  groups  in  the  starting  polymer  and  in  the  pro¬ 
duct  obtained  from  it  remained  unchanged.  The  structure  of  the  polymer  is  modified 
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by  the  breaking  of  some  siloocane  bonds  and  the  formation  of  new  ones  (Bibl.36). 

Under  the  action  of  concentrated  sulfuric  acid,  the  reverse  process  of  trans¬ 
formation  of  cyclical  polymers  into  linear  polymers  is  also  possible.  The  polydi- 
ethylsilaxanes  undergo  such  a  rearrangement  with  greater  difficulty  than  the  polydi¬ 
methyl  siloxanes  .  The  polymonomethyl siloxane s ,  polymonoethylsiloxanes,  and  poly- 
monophenylsiloxanes  do  not  undergo  such  a  rearrangement,  with  cleavage  of  the 
I  I 

— Si— O-Si—  bond  under  the  action  of  high  temperatures  and  concentrated  sulfuric  acid. 

I  I 

The  siloocane  bonds  in  quartz  are  very  stable  to  the  action  of  chemical  re¬ 
agents,  and  are  ruptured  only  under  the  action  of  hydrochloric  acid  and  strong 
alkalies.  Sulfuric,  nitric,  and  other  acids  have  no  action  on  them. 

The  attachment  of  organic  radicals  to  the  silicon  atom  rarely  modifies  the 
chemical  properties  of  the  siloocane  bonds. 

Fluorine  compounds  are  most  energetic  in  destroying  the  siloocane  bond  in  the 
polyorganosiloxanes .  Under  the  action  of  ammonium  fluoride  in  the  presence  of  sul- 

I  I 

furlc  acid  on  hexamethyldi silax&ne ,  the  -SL-O-Si--  bond  is  broken,  and  trimethyl- 

fluo ro silane  is  formed.  The  reaction  takes  place  under  mild  conditions. 

Under  the  action  of  sulfuric  acid  on  the  polyorgano siloxane,  the  siloocane  bond 
may  be  not  only  rearranged  but  also  destroyed.  If  we  act  on  haocamethyldisilooc&ne 
with  20 %  oleum,  then  haxamethylenedisilane  sulfate  is  formed  by  the  reaction: 

(CH,),S|  0-Si(CI  I,),  1 1, SO,  (CH,)jSi — O — SO* — O— Si(C1I;iIj  ■+■  H*0 

The  siloocane  bond  may  also  be  destroyed  by  the  action  of  ammonium  chloride  in 
concentrated  sulfuric  acid  on  heocaethyldisiloxane  (Bibl.28): 

2NH,CI  |(QlI-),Si).0  4-  HjSO,  2(QH,),SiCI  4-  (NM,)2SO,  +  H,C) 

Diethylchlorosilane  cannot  be  prepared  by  this  method.  When  phosphorus  tri- 
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bromide  acts  in  the  presence  of  ferric  chloride  on  hexamethyldisiloxane,  the 

I  I 

-Si— 0-Si-  bond  is  broken  and  trimethylchlorosilane  is  formed.  When  concentrated 
I  I 

sulfuric  acid  acts  on  cyclic  polydimethylsiloxanes  in  the  presence  of  disiloxanes  or 
without  them,  these  cyclic  compounds  can  be  converted  into  linear  ones.  In  this 
case,  the  siloxane  bond  in  the  cyclic  polymer  is  broken  under  the  action  of  sulfuric 
acid,  according  to  the  equation  (Bibl.37)t 

HaSO, 

[(CH,),SiO},  +  I(CH,),Si],0 - *  (CH,),SiO[(CH,),SiO)^- — Si(CHj), 

A  study  of  equilibrium  systems  of  cyclic  and  linear  polymethylsiloxanes,  es¬ 
pecially  after  their  treatment  with  sulfuric  acid,  shows  the  absence  of  cyclic 
trimers  (Bibl.38).  This  would  argue  for  the  presence  of  high  stresses  in  the 
six-membered  ring  built  up  of  silicon  and  oxygen  atoms.  According  to  data  of 
Andrianov  and  Skipetrov,  the  valence  angle  -Si-Q-Si-  in  polyethylsiloxanes  is  168°; 
in  polymethylsiloxanes,  according  to  the  determinations  of  Sauer  and  Mead,  this 
angle  is  160  -  15°.  Consequently  in  the  six-membered  ring,  in  which  the  value  of 
the  angles  amounts  to  almost  109°28»,  greater  stresses  arise.  In  cyclic  hydrocar¬ 
bons  the  production  of  high  stresses  in  the  ring  is  possible,  owing  to  the  interfer¬ 
ence  of  the  substituent  groups  or  atoms  of  hydrogen.  In  the  case  of  polyorgano- 
siloxane  rings,  the  substituent  groups  are  further  apart,  and  there  is  practically 
no  interaction  between  than;  the  high  sensitivity  of  cyclical  polyorganosilicanes 
to  the  action  of  even  small  quantities  of  sulfuric  acid  is  consequently  explained  by 
the  stress  of  the  siloxane  bond  in  them.  The  siloxane  bond  in  linear  polyalkyl- 
siloxanes  is  considerably  more  resistant  to  the  action  of  sulfuric  acid. 

The  Silicon-Silicon  Bond 

In  contrast  to  organic  compounds,  the  organic  and  inorganic  silicon  compounds 
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I  I 

containing  the  bond  -Si^-Si-  have  a  greater  tendency  to  thermal  decomposition  and 

I  I 

chemical  transformations  under  the  action  of  alkalies  and  oxygen.  The  inorganic 
halo-derivatives  of  di-  and  polysilanes  begin  to  decompose  when  heated  to  a  tempera¬ 
ture  a  little  over  200°C.  When  chlorosilanes  are  prepared  by  the  action  of  chlorine 
on  silicon  at  temperatures  below  200° ,  a  large  percentage  of  higher  halo-silanes  is 
obtained,  but  with  increasing  temperature,  their  proportion,  due  to  thermal  decom¬ 
position  (Bibl.39),  falls  from  8.6 %  at  180-200°C  to  4.056  at  300°C.  The  low  stabil¬ 
ity  of  the  polysilanes  should  also  explain  the  fact  that  no  compounds  with  more  than 
14  silicon  atoms  in  the  molecule  have  been  prepared. 

Under  the  action  of  the  oxygen  of  the  air  on  the  higher  halosilanes,  their  oxi¬ 
dation  takes  place.  The  reaction  takes  place  even  in  the  cold  with  such  energy  that 
an  explosion  may  occur.  The  higher  chlorosilanes  in  this  reaction  pass  over  into 
chlorosiloxanes : 

Cl,™ Si — Si — Clj  +  O  *  Cl,— Si — (^— Si — Cl, 

The  fact  that  two  electropositive  silicon  atoms  are  neighbors  leads  to  the 
breaking  of  the  bond,  for  instance  in  the  case  of  the  halo-derivatives  of  the  higher 
silanes,  even  under  the  action  of  such  alkylating  agents  as  Grlgnard's  reagent,  or 
of  HE  ♦  Na.  In  this  case  completely  substituted  monosilanes  are  formed  (Bibl.40, 
41). 

I  I 

In  completely  alkylated  higher  silanes,  the  -Si-Si-  bond  is  considerably  more 

I  I 

stable,  and  is  not  broken  under  the  action  of  either  sodium  or  halogens. 

The  great  accumulation  of  phenyl  groups  in  polysilanes  leads  to  an  increase  in 
their  stability.  Thus,  the  polyphenyl silanes  (for  instance,  tetrane)  according  to 
data  of  Kipping,  are  very  stable  (Bibl.42). 
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C«H,  C,H,  CjH*  C*H-, 


-sii  ii  — 


i»H, 


I  I 

C,H.  C.H, 


i.H, 


Kipping  also  states  that  d ipro pyld iph enyl ethy  Id i s ilane  resists  the  action  of  an 
alkali  solution*  Usually,  however,  the  polysilanes  are  decomposed  quantitatively 
under  the  action  of  aqueous  alkali.  The  reaction  takes  place  with  the  liberation  of 
hydrogen. 


-^i 


-Si-Si-  +  2H,()  -  — »  2— Si— Oil  +  Hi 


The  qualitative  decomposition  of  polysilanes  at  the  -Si-Si-  bonds  under  the  action 
of  moist  piperidine  takes  place  still  more  readily. 

I  I 

The  elevated  stability  of  the  -Si-Si-  bond  in  polyorganosilanes  is  probably  due 
to  sterlc  hindrance.  In  this  case,  various  organic  radicals  attached  to  the  silicon 

I  I 

atoms  may  have  a  different  effect  on  the  stability  of  the  -Si-8i-  bond.  It  is  not 
very  probable,  however,  that  any  combination  of  substituents  could  stabilise  the 

I  I 

molecular  chains  containing  -^i-Si-  bonds  (Bibl.43)  to  such  an  extent  as  to  make 
these  compounds  thermally  and  chemically  as  stable  as  the  polyorganosiloxanes. 

The  Silicon-Halogen  Bond 

I 

All  silicon  compounds,  inorganic  and  organic  alike,  containing  the  -Si-X  bond, 

have  a  pronounced  halo-anhydride  character,  which  becomes  more  intense  as  we  pass 
from  iodine  to  bromine,  chlorine  and  fluorine.  In  contrast  to  carbon,  silicon  has 
an  elevated  power  to  form  compounds  with  electronegative  elements,  and  this  is  pro¬ 
nounced  in  its  reactions  with  halogens.  Many  inorganic  compounds,  for  instance 
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those  like  ailicon  tetrachloride  and  silicon  tetrafluoride,  are  more  than  70£  ioniz- 

I 

ed  with  respect  to  the  -Si-X  bond*  For  the  halo-derivatives  of  silicon  which  also 

I 

contain  organic  radicals  in  the  molecule*  we  have  still  no  data  on  the  degree  of 

I 

ionization  of  the  -Sir-X  bond.  Silicon  compounds  with  such  bonds  have  an  exception¬ 
ally  high  thermal  stability*  especially  the  tetrahalosilanes  and  axylhalosilanes. 
Thus*  phenyltrichlorosilar.e  withstands  heating  to  over  400°C  without  decomposition; 
tetrachlorosilane  even  to  over  600°C*  Such  alkylhalosilanes  as  dimethyldichloro- 
silane*  ethyltrichlorosilane  and  diethyldichlorosilane*  however*  are  lees  stable  at 
elevated  temperatures  and  are  markedly  dissociated  at  temperatures  as  low  as  about 
300°C*  The  fluorides  are  an  exception*  According  to  the  available  data*  they  have 
a  high  stability  at  elevated  temperatures.  Thus*  trlmethylfluorosilane  decomposes 

'  ^  I  I 

at  600°C.  The  characteristic  difference  between  the  -Si— X  bond  and  the  -O-X  bond 

I  I 

consists  also  in  the  fact  that  the  halo-derivatives  of  silicon*  of  such  series  as 
SiX^,  BSiX-j,  H2SiX2*  H^SiX*  HSil-j,  RgSiX  and  RjSIX  (where  R  is  an  organic  radical)* 
do  not  react  with  magnesium  (Bihl.44).  Only  the  iodides  dissolve  magnesium  and 
zinc;  but  the  reaction  with  iodides  have  not  yet  been  studied  (Bibl.45) .  The  resis¬ 


tance  of  the  -Si-X  bond  to  hydrolysis  is  exceptionally  low*  and  in  this  respect  this 

I 

bond  differs  sharply  from  the  -0-X  bond*  All  the  silicon  compounds  containing  the 

I 

-Si-X  bond*  whether  inorganic  or  organic*  react  readily  with  water*  In  this  case 

I  I 

the  -Si-X  bond  is  hydrolysed  and  the  -Si-OH  bond  is  fen  ud.  The  introduction  of 

1  1 

organic  radicals  into  the  molecule  somewhat  increases  the  hydrolytic  stability  of 


the  “Si“X  bond*  but  even  in  this  case  it  still  remains  exceptionally  sensitive  to 
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water  for  the  iodine,  bromine,  and  chlorine  derivatives.  Even  such  compounds  in 
which  one  atom  of  silicon  is  bound  to  two  or  three  organic  radicals  are  readily 
hydrolyzed  quantitatively  by  cold  water,  regardless  of  the  number  and  size  of  the 
organic  radicals* 

‘Hie  number  and  size  of  the  organic  radicals  have  an  influence  only  on  the  rate 
of  hydrolysis.  The  rate  of  hydrolysis  is  slowed  with  increasing  number  of  radicals 
bound  to  silicon,  and  with  increasing  size  of  the  radical.  This  is  particularly 
marked  in  the  organofluorosilicon  compounds.  While  the  alkyl-and  aryltrifluorosil- 
anes  are  hydrolyzed  instantaneously,  the  dialkyl-and  diaryldifluorosilanes  are 
hydrolyzed  considerably  more  slowly  by  water. 

The  trialkyl-and  triarylfluorosilanes  are  even  more  stable  against  hydrolysis; 
they  can  be  distilled  in  air  without  appreciable  decomposition,  with  no  protection 
from  moisture,  and  for  their  total  hydrolysis  they  must  be  heated  with  alkali  (Bibl. 

46).  The  -Si-F  bond  in  trialkylfluoro silanes  has  a  lowered  activity  to  the  action 

of  other  chemical  reagents  as  well;  the  fluorine  in  such  compounds  is  not  replaced 
by  a  radical  by  the  aid  of  organomagnesium  compounds. 

I 

Compounds  with  the  -Si~X  bond  react  easily  with  all  compounds  containing 
hydroxyl,  forming  esters.  Trimethylchlorosilane  reacts  with  strong  sulfuric  acid. 

I 

In  this  case  the  -Si-Cl  bond  is  broken,  and  hexamethyldisilane  sulfate  is  formed: 

-»(CH,),SiCI  -4-  IUSO,  - >  2IICI  -  (CH,),SiO-SOs— OSi(CII,)3 


The  Silicon-Nitrogen  Bond 

A  large  number  of  silicon  compounds  containing  the  Si-N  bond  are  known,  among 

nh2  nh2 

them  ami nosilanes  of  type  Si(NK2)^,  polyaminosiloxanes  -Si-O-Si-,  substituted 

nh2  nh2 
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R  £ 

amlnosllanes  of  the  type  Si(NHR)^,  or  poly-(organo)-aminosilanes  -Si-NH-Si-*  and  so 

R  R 


on. 

They  are  all  thermal ly  stable  compounds.  All  of  than,  however,  are  unstable  to 
water  and  aqueous  solutions,  solutions  of  acids  and  alkalies,  and  the  Si-N  bond  is 
broken  in  such  reactions.  The  inorganic  compounds  of  silicon  and  nitrogen  withstand 
heating  to  high  temperatures.  Thus  when  metallic  silicon  is  roasted  in  a  stream  of 
nitrogen  at  1300°C,  a  mixture  of  the  following  silicon  nitrides  is  foraed:  Si^N^, 
S^N^,  SiN.  Under  the  action  of  water,  these  compounds  are  decomposed,  with  libera¬ 
tion  of  ammonia  and  silicon  dioxides 


Si,N,  +  6H,0 - »  3SiO,  +  4NH, 

Alkalies  also  decompose  silicon  nitrides.  The  organosilicon  nitrogen  contains 
ing  compounds  are  easily  hydrolyzed  by  water,  rupturing  the  -Si-N  bond.  The  rate  of 
hydrolysis  depends  on  the  size  of  the  organic  radical  bound  to  the  nitrogen. 

Tetra-substituted  compounds  of  the  type  (HN)^Si  are  more  readily  hydrolyzed 
than  poly- (organo)-amino silanes. 

Aminodisilanes  can  be  obtained  according  to  the  reactions: 


2(CH,),SiCI  +  3NH, - »  (CH,),SiNIISi(CH,)3  2NM4CI 

<CH,),SiCI  +  2NH(CjH,)j  —  (CH3)3SiN(C.H,),  +  (CSH,),NHHCI 

CH, 

2(CH3)3SiNIICH3  ,  (CH3)3SiCI  —  »  |(CH3),SilsNCH,  +  (CH3)3SiNH.HCI 

They  are  easily  hydrolyzed  in  the  presence  of  solvents. 

The  -Si-N  bond  in  compounds  of  the  type  (CHjOJxSifNCO)/^*  is  more  resistant  to 
the  action  of  water  than  in  the  aminodisilanes. 
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The  Bond  between  Silicon  and  the  Oxygen  of  the  Ether  Group 

I  I 

The  ether  bond  OR  in  esters  of  orthosilieic  acid  Si(OR)^,  and  especially  in 

substituted  esters  of  orthosilieic  acids  RgSiCOR)^^.,  are  slowly  hydrolyzed  by  dis¬ 
tilled  water*  This  reaction  is  strongly  accelerated  in  the  presence  of  acids  and 
alkalies* 

The  size  and  structure  of  the  organic  radical  R,  and  the  number  of  OR  groups 
in  the  molecule,  also  affect  the  rate  of  hydrolysis  of  the  esters  and  substituted 
esters  of  orthosilieic  acid* 

The  esters  of  ortho silic  acid  are  more  readily  hydrolyzed  than  the  correspond¬ 
ing  substituted  esters  of  orthosilieic  acid.  An  increase  in  the  number  of  substitu¬ 
tion  groups  R*  in  the  substituted  esters  of  orthosilieic  acid  leads  to  a  retardation 
of  the  hydrolysis  reaction;  thus  alkyl-  and  aryltriethoxysilanes  are  hydrolyzed  more 
readily  than  dialkyl-  and  diaryldi  ethoxy  silanes,  while  the  latter  in  turn  are  more 
easily  hydrolyzed  than  trialkyl-  and  trlaxylethoxysilanes* 

Diphenyldiphenaxysilane  is  very  stable  to  the  action  of  water  and  to  a  b% 
alkali  solution*  Compounds  whose  organic  radical  contains  a  halogen  are  more  sensi¬ 
tive  to  the  action  of  water.  Thus,  tetra-^-chloroethcoqrsilane  is  more  easily  hydro¬ 
lyzed  than  the  ethyl  ester  of  orthosilieic  acid.  Di-tert-butyldiethaxysilane  is  not 
hydrolyzed  by  water,  owing  to  sterlc  hindrance  due  to  the  presence  of  tertiary  butyl 
groups  in  it. 

The  Silicon-Hydrogen  Bond 

The  foxmation  of  a  bond  between  silicon  and  electropositive  elements  close  to 
it  in  the  value  of  their  electronegativity  usually  takes  place  with  difficulty, 
while  the  products  formed,  such  as,  for  instance,  the  silicon  hydrides,  are 
chemically  unstable. 

The  silicon-hydrogen  bond  is  not  strong  and  is  easily  split  not  only  by  oxygen 
or  halogens,  but  even  by  water  in  the  presence  of  hydroxyl  ions: 
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For  the  reaction  to  occur,  the  presence  of  the  traces  of  alkali  extracted  from 
the  glass  apparatus  Is  sufficient*  The  hydrogen  of  silane  can  be  replaced  by  chlor¬ 
ine  even  under  the  action  of  HC1,  with  the  formation  of  the  corresponding  halo- 
derivative* 

INFLUBKE  OF  THE  SILICON  ATOM  ON  THE  BEHAVIOR  OF  GROUPS  AND  ATCMS 
CONNECTED  WITH  IT  THROUGH  OTHER  ATOMS 

The  silicon  atom  can  increase  or  decrease  the  activity  of  organic  functional 
groups  linked  with  it  through  other  atoms. 

The  silicon  atom  makes  a  chlorine  atom  attached  to  the  3  -carbon  atom  of  an 
organosilicon  compound  susceptible  to  hydrolysis  in  the  cold  under  the  action  of 
aqueous  alkali.  Thus, 3 -chloroethyltrlchlorosilane  reacts  with  an  alkali  in  the 
following  way: 


aa  i-CMsSiOl;,  -r  4NuOI  I  -  C- 1 1.  +  Si(OH),  T  4\u<  I 

The  chlorine  attached  to  they '-carbon  atom  is  quantitatively  cleaved  under  the 
action  of  an  alcoholic  solution  of  KOH* 

On  treatment  with  alkali,  compounds  containing  chlorine  attached  to  the 
a -carbon  atom  do  not  cleave  the  chlorine*  The  reaction  proceeds  according  to  the 
formula: 


CHaCUCI  SK  I.;  ;  NjiOII - -  Cl  IaCI  lC!Si(OI  I),  -f  )N;.r.l 

Thus,  according  to  their  capacity  for  cleavage  of  Cl  atoms,  the  organosilicon  com¬ 
pounds  containing  chlorine  in  the  organic  radical  may  be  arranged  in  the  following 

series: 
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On  the  chlorination  of  ethyltrichlorosilane,  the  chlorine  goes  mainly  to  the 
^-position,  in  spite  of  the  fact  that  the  methylene  group  is  usually  more  reactive 
than  the  methyl  group.  Apparently  the  hydrogen  atom,  like  the  halogen  atoms,  in  an 
organosilicon  compound,  are  more  firmly  bound  to  the  a-carbon  atom  than  to  the 
P -atom. 

The  silicon  atom  reduces  the  tendency  of  an  adjacent  multiple  bond  to  partici¬ 
pate  in  addition  and  polymerization  reactions.  Thus,  Vol’nov  and  Reut  (Bibl.32) 
found  that  an  alkyvinyltriethoxysilane  adds  bromine  incompletely  at  its  triple  bond. 

It  is  well  known  that  unsaturated  alkylenetrichlorosilanes  are  easily  distilled 
without  polymerization.  The  retarding  influence  of  the  silicon  atom  on  polymeriza¬ 
tion  becomes  ineffective  if  two  unsaturated  groups  add  to  a  single  silicon  atom; 
thus,  for  example,  dialkyl enedichlorosilanes,  in  contrast  to  alkylenetrichlorosil¬ 
anes,  do  polymerize  on  distillation. 

PRINCIPLES  OF  THE  CLASSIFICATION  AND  NOMENCLATURE  OF  OUANO- 

SILICON  COMPOUNDS 

As  the  chemistry  of  organosilicon  compounds  developed,  repeated  attempts  were 
made  to  formulate  a  rational  classification  and  nomenclature  of  these  compounds. 

Even  today,  however,  there  is  still  no  single  classification  and  nomenclature  estab¬ 
lished  and  recognized  by  all. 

Kipping  in  1905  (Bibl.47)»  and  Martin  (Bibl.48)  in  1913#  proposed  a  nomencla¬ 
ture  of  organosilicon  compounds,  but  it  was  not  widely  adopted.  Stock  (Bibl.49)  in 
1916  published  a  nomenclature  that  was  more  widely  adopted.  But  the  attempts  in 
this  direction  still  continued.  In  1944  Sauer  (Bibl.50)  proposed  a  nomenclature  of 
organosilicon  compounds.  Subsequently,  the  recommendations  of  an  American  committee 
to  develop  a  rational  nomenclature  of  these  compounds  were  published  (Bibl.51,  52). 

In  1950,  A.P.Kreshkov  (Bibl.53)  proposed  a  nomenclature  which  likewise  has 
still  not  been  widely  adopted. 

By  organosilicon  compounds  we  mean  any  compound  of  silicon  containing  carbon. 
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in  contrast  to  the  rule  adopted  in  element-organic  chemistry,  where  element-organic 
compounds  are  usually  taken  to  mean  only  such  compounds  in  which  the  carbon  is 
necessarily  attached  to  an  atom  of  the  element  involved.  In  collaboration  with  A.V. 
Topchiyev,  I  attempted,  taking  into  account  the  experience  of  both  of  us,  to  con¬ 
struct  a  classification  and  nomenclature  of  organosilicon  compounds  (Bibl.54,  55), 
and  I  shall  adhere  to  it  in  the  present  book. 

The  classification  of  organosilicon  compounds  which  I  shall  use  is  constructed 
on  the  basis  of  the  following  nomenclature.  All  organosilicon  compounds  are  divided 
into  two  groups: 

1.  Low-molecular  organosilicon  compounds. 

2.  High-molecular  organosilicon  compounds. 

Low-Molecular  Organosilicon  Compounds 

The  name  of  the  low-molecular  organosilicon  compounds  is  based  on  the  name  of 
the  first  member  of  the  series  of  the  simplest  compounds  of  one  class  or  another. 
The  silicon  hydrides  are  taken  as  the  starting  substances  in  the  classification, 
while  all  the  remaining  representative  of  this  class  are  considered  as  their  deriva¬ 
tives,  that  is,  as  compounds  arising  from  the  replacement  of  one,  two,  three,  or 
four  hydrogen  atoms  in  such  silicon  hydrides  by  organic  radicals,  organic  atom 
groups,  or  by  other  atoms. 

The  Silicon  Hydrides  (Silanes) 

The  silicon  hydrides  are  the  class  of  inorganic  silicon  compounds  in  whose 
molecule  the  silicon  atoms  are  bound  to  each  other  and  to  hydrogen  atoms.  The 
general  formula  of  the  saturated  silicon  hydrides  is  SinH2n*2*  ***•  simplest  repre¬ 
sentative  of  this  class,  SiH^,  is  called  silane,  its  homologs  H^Si-SiH-j,  disilane; 
H-jSi-SiHjj-Si^,  trisilane;  H^Si-SiHj-SiH-j-SiH-j,  tetrasilane,  and  so  on. 

Thus  the  silicon  hydrides  fora  a  homologous  series  in  which  each  succeeding 
member  differs  from  the  preceding  member  by  one  SiH2  group. 
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When  one  or  more  hydrogen  atoms  in  the  homologous  series  of  silicon  hydrides 
are  replaced  by  radicals  or  organic  groups*  and  the  hydrogen  is  simultaneously  re¬ 
placed  by  functional  groups  (for  instance*  X-halogen)*  the  corresponding  homologous 


series  of  organosilicon  compounds  are  formed. 

The  following  may  be*  for  example,  such  radicals  and  atomic  groups: 

Radicals  Atomic  Groups 

Methyl  CHj-  Acetyl  CH3CO- 

Ethyl  C2H5-  Propionyl  C^CHjjCO- 

Vinyl  CH2  -  CH-  Benzoyl  CgHjCO- 

Ethynyl  CH=C-  Methaxy  CH3O- 

Phenyl  C^Hg-  Phenaxy  CgH^O- 

Chloro phenyl  ClCgfy—  Acetamido  CH3CONH- 

Naphthyl  C1QHy-  Anilino  CgH^NH- 

etc.  etc. 

The  present  state  of  the  study  of  organosilicon  substances  corresponds  to  their 
division  into  the  following  great  classes: 


Substituted  Silanes 

The  compounds  of  this  class  are  regarded  as  products  of  the  substitution  of  one 
or  several  atoms  of  hydrogen  in  the  simplest  silicon  hydride*  SiH^*  by  like  or  un¬ 
like  radicals. 

If  the  silicon  atom  is  attached  to  one  radical*  then  the  compound  is  called  a 
monosubstituted  silane*  if  to  two*  three  or  four  radicals*  it  is  called  a  di-*  tri-* 
or  tetra-  substituted  silane  respectively. 

Substituted  silanes  with  unlike  radicals  attached  to  the  silicon  atom  are 
called  mixed  substituted  silanes.  The  designation  of  the  radicals  is  constructed 
according  to  the  rational  nomenclature  adopted  in  organic  chmdstry.  The  names  for 
the  substituted  silanes  are  made  up  of  a  number  and  the  name  of  the  radicals* 
followed  by  the  termination  "silane^. 
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For  instance : 


CH^-CH^-CHg-CHg-SiHj  butylsilane 
tert- butylsilane 


CH* 

C&P-8iH3 
CK} 


CH. 


x>CH-CH2SiH3  isobutylsilane 

CRj 


ch3c!^ 


Sii^  methyl ethylsilane 


C1CH2S1H3  ehloroaethylsilane 
C1CH2CH2S1H3  3-chloro ethylsilane 

(CH3 )2 (C2Hj )2Si  dimethyldiethylsilane 


Eaters  of  Orthosllicic  Acid 

Those  compounds  ora  regarded  as  products  of  the  replacement  of  hydrogen  atoms 
in  SiH^  by  alkoxy  or  arylcoqr  groups. 

The  name  of  the  esters  is  fomed  from  the  number  and  name  of  the  organic  atomic 
groups  and  the  termination  "silane". 

For  instance! 

(CHjOj^Si  tetramethoxysilane 
(CH30)2Si(0C2H3)2  dimethcoqrdiethoaqrsilane 
(CH^J^iOC^Hj  trlaethooqrphenaxysilane 

°*  Ortly>T11<<,te 

The  haloeeters  of  orthosilicic  acids  are  regarded  as  a  product  of  substitution 
of  one.  two,  or  three  hydrogen  atoms  in  SiH^  by  alkoxy-  or  arylcoqr  groups  with  the 
simultaneous  subtitution  of  three,  two,  or  one  hydrogen  atom  in  SiH^  by  like  or  un¬ 
like  halogen  atoms.  The  names  of  the  haloesters  are  composed  of  the  number  and  name 
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of  the  organic  groups,  the  number  and  name  of  the  halogen  atoms,  and  the  termination 
"silane**. 

For  examplet 

(CH  0)  SiCl  t rimethoxyc hloro silane 

(CH3O)  (CjHjC^SiC^  methoxyethoxydichlorosilane 

Substituted  Esters  of  Orthosllicic  Acid 

The  substituted  esters  of  orthosilicic  acid  are  considered  as  products  of  the 
substitution  of  one  or  several  hydrogen  atoms  in  SiH^  by  like  or  unlike  organic 
radicals,  with  the  simultaneous  substitution  of  other  hydrogen  atoms  attached  to  the 
silicon  by  alkoxy  or  aryloxy  groups.  If  the  silicon  atom  is  attached  to  one  radical, 
then  such  compounds  are  called  oonosubstituted  esters  of  orthosilicic  acid,  if  with 
two  radicals,  disubstituted  esters,  etc. 

The  names  of  the  substituted  esters  of  orthosilicic  acids  are  foraed  of  the 
number  and  names  of  the  organic  radicals,  the  number  and  names  of  the  alkoxy  or 
aryloxy  groups,  and  the  termination  "silane**: 

For  example: 

CH^SiCCK^Hfj)^  methyltriethoxysilane 

(CH^ )2Si (OC2H5 )2  dimethyldiethoxysilane 

ch3 

Si  (OC2H5 )  2  methylphenyldiethoxysilane 

C6H5 

Si (OC^H9)2  methyl-4-chlorophenyldiethcxysilane 

cic6h5/ 

CH3n 

Si  (OCH2CH2CI  )2  methyl-  p-chloroethyldi  (p  -chlorethoxy)  silane 

cich2ch^ 
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The  Alkyl- (Aryl- )-Halosilanes 

The  (alkyl )-halosilanes  are  regarded  as  the  product  of  substitution  of  one, 
two,  or  three  hydrogen  atoms  in  silicon  hydride,  SiH^,  by  organic  radicals,  with  the 
simultaneous  substitution  of  three,  two,  or  one  atom  of  hydrogen  respectively,  in 
the  same  silicon  hydride,  by  halogen  atoms.  If  the  silicon  atom  is  attached  to  one 
radical,  then  such  compounds  are  called  monoalkyl- (monoaryl )-halosilanes,  if  to  two 
radicals,  respectively  dialkyl- (diaryl )-halo silanes,  if  with  three  radicals, 
trialkyl- (triaryl )-halo silanes.  The  position  of  the  substituent  in  the  aromatic 
radical  is  noted  as  follows: 


si 


The  names  of  the  alkyl- (a ryl-)-halo silanes  are  fomed  from  the  number  and  name 
of  the  organic  radicals,  the  number  and  name  of  the  halogens,  and  the  termination 
"silane". 

For  example: 

C^H^SiC^  phenyltrichlorosilane 


ch3 

Ci^jHSiC12 

2 
Cl 


CICHg-CHj 

O-L 


methyl-  (4-chloro  phenyl  )-dichlorosilane 


P  -chloro  ethyl-  (3-chlorophenyl)-dichlorosilane 


Hydroxyl-Derivative  Organo silanes 

The  hydroxyl-derivative  organosilanes  are  considered  as  products  of  the  sub¬ 
stitution  of  one,  two,  or  three  hydrogen  atoms  in  the  silicon  hydride  SiH^  by 
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organic  radicals  with  the  simultaneous  substitution  of  three,  two  or  one  hydrogen 
atoms  by  hydroxyl  groups.  If  one,  two,  or  three  hydroxyl  groups  are  attached  to  the 

e 

silicon  atom,  we  distinguish  mono-,  di-,  or  trihydroxyl-derivative  silanes.  The 
names  of  hydroxyl-derivative  organosilanes  are  fomed  of  the  number  of  hydroxyl 
groups,  called  "hydroxy*,  the  number  and  name  of  the  organic  radicals,  and  the  ter¬ 
mination  "silane". 

For  example: 

(CjH^gSiCOH^  d  ihyd  raxyd  i  ethyl  silane 

ch3 

Si(0H)2  dioxymethylphenylsilane 
C6«5 


Clr^y-&UpH)2 


C2H5 


dihyd  roxyethyl- (4-chloro  phenyl )- silane 


C6H5 

CH3““Si(OH) 

C2H5 


hydroxymethylethylphenylsilane 


Alkvl- (Arrl )-Aminosilanes 

Alkyl- (aryl )-aminosilanes  are  regarded  as  products  of  the  substitution  of  one, 
two,  or  three  hydrogen  atoms  in  silicon  hydride  SiH^  by  organic  radicals,  with  the 
simultaneous  substitution  of  three,  two,  or  one  hydrogen  atoms  in  the  same  silicon 
hydride  by  amino  groups,  substituted  amino  groups,  or  by  organic  groups  containing 
the  amino  group. 

Mono-,  di-  and  trialkyl- (triaryl)-amino  silanes  are  distinguished,  depending  on 
tide  number  of  radicals  in  the  molecule  attached  to  the  silicon  atom.  The  names  of 
alkyl- (aryl )-amino  silanes  are  formed  from  the  number  and  name  of  the  amino  groups 
or  substituted  amino  groups,  the  number  and  name  of  the  organic  radicals,  and  the 
teraination  "silane". 
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For  example: 

ch3s 

Si(NH2)2  Diaminomethylphenyl  silane 

(CH3)3SiNHCH3  methylaminotrimethylsilane 

ch3s 

Si  (NHC^H^  )2  di-  (phenyl  amino  )-methylethylsilane 

c2h/ 

(CH3)3SiNHSi(CH3)3  hexamethylaminodisilane 
Alkcocy- (Aryloxy  l-Aalnoallanes 

Alkaxy- (aryloxy )-aminosilanes  are  regarded  ae  products  of  the  substitution  of 
one,  two,  and  three  hydrogen  atoms  in  SiH^  by  alkoxy- (aryloxy )-groups  with  simul¬ 
taneous  substitution  of  three,  two,  or  one  hydrogen  atom  by  amino  groups  or  substi¬ 
tuted  amino  groups.  The  names  of  alkaxy- (aryloxy)-amino  silanes  are  formed  from  the 
number  and  names  of  the  alkoxy- (aryloxy )-g roups,  the  number  and  name  of  the  amino 
groups  or  substituted  amino  groups,  and  the  termination  "silane". 

For  example: 

ch3 

\lHO-8iNH2  isopropaxydibutoxyaminosilane 

CH^ 

(0C4H9)2 

I 

l  H30-0-O-  kSiNHjj  tri-(tert-butaxy)-aminosilane 

'  ch3 

C2H50)23i  (NHCH3)2  diethaxydi-  (methylamino  )-silane 
Alkyl-  (Anrl)-Aminohalosilanes 

Alkyl- (aryl )-aminohalosilanes  are  regarded  as  products  of  substitution  of  one, 
two,  or  three  hydrogen  atoms  in  SiH^  by  substituted  amino  groups  with  the  simultan- 
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eous  substitution  of  three,  two,  or  one  hydrogen  atom,  by  halogens. 

The  names  of  alkyl- (a ryl)-aminohalo silanes  are  formed  from  the  number  and  name 
of  the  substituted  amino  groups,  the  number  and  name  of  the  halogens,  and  the  ter- 
mination  ’•silane'*. 

For  example: 

c2\ 

^NSiCl^  diethylaminotrichloro silane 

C2H5 

(C^H^NH^iC^  di-  (phenylamino  )-dichlorosilane 
Alkyl-  (Aryl  )-iminosllanes 

Alkyl- (aryl )-imino silanes  are  regarded  as  products  of  the  substitution  of  all 
the  hydrogen  atoms  in  silicon  hydride  SiH^  by  imino  groups  “NR,  or  of  two  hydrogen 
atoms  by  an  imino  group  with  the  simultaneous  substitution  of  the  remaining  hydrogen 
atoms  by  organic  radicals,  atom  groups  or  other  atoms.  The  names  of  these  compounds 
are  formed  from  the  number  and  name  of  the  organic  radicals  or  groups,  the  number 
and  name  of  the  imino  groups,  and  the  termination  "silane". 

For  example: 

(CgH^gSi  ■  NCH^  methyliminodi  ethyl  silane 

H5C5N  •  Si  ■  NC5H5  di- (phenyl imino )-silane 

(C^H^NHjgSi  “  NC5H5  di- (phenylamino )-phenylimino silane 

Silicon  Isocyanates 

Silicon  isocyanates  are  regarded  as  products  of  the  substitution  of  one,  two, 
three,  or  four  hydrogen  atoms  in  silicon  hydride  SiH^  by  the  isocyanato  group  NCO, 
and  by  the  simultaneous  substitution  of  three,  two,  or  one  hydrogen  atom  respec¬ 
tively  in  the  same  silicon  hydride  by  an  organic  radical,  a  group,  or  another  atom. 
The  names  of  silicon  isocyanates  are  made  up  of  the  number  and  name  of  the  radicals, 
the  groups,  or  of  the  other  atoms,  the  number  of  isocyanato  groups  and  the  teimina- 
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tion  "silane* 


For  example: 

(CH3)2Si(NC0)2 

(C2H50)2Si(NC0)2 

CHjO^ 

Si 

/  \ 

CIC6H4  NCO 

ch3o^  ^CO 
Si 

/  \ 

ClC6HZfO  CH2C1 

Silicon  Isothiocyanates 

Silicon  isothiocyanates  are  regarded  as  products  of  the  substitution  of  one, 
two,  three,  or  four  hydrogen  atoms  in  SiH^  by  isothiocianato  groups,  and  also  by  the 
simultaneous  substitution  of  three,  two,  or  one  hydrogen  atom  by  organic  radicals, 
groups,  or  other  atoms. 

The  names  of  silicon  isothiocyanates  are  formed  in  the  same  way  as  the  names  of 
isocyanates,  but  instead  of  the  word  "isocyanato"  the  word  "isothiocyanato"  is  used. 
For  example: 

(C2H^)Si(NCS)3  ethyltriisothiocyanatosilane 

C9HcO  NCS 

5\/ 

Si  ethaxyisobutoxy-4-chlorophenylisothiocyanato- 

(CH3)2CHCH2(/  \6H4C1  silane 


dlmethyldiisocyanatosilane 
diethoxydii socyanatosilane 

methoxy-(phenoxy)-4-chlorophenylisocyanatosilane 

chloromethylmetoxy-4-chlorophenoxyisocyanatosilane 


Thioethers 

The  thioethers  are  regarded  as  products  of  the  substitution  of  one,  two,  three, 
or  four  hydrogen  atoms  in  SiH^  by  R3  groups,  together  with  the  simultaneous  substi¬ 
tution  of  one,  two,  or  three  hydrogen  atoms  in  the  same  silicon  hydrides  by  organic 
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radicals,  atomic  groups,  or  other  atoms.  The  names  of  thioethers  are  formed  from 
the  number  and  name  of  the  thio  groups,  the  number  and  name  of  the  radicals,  groups 
or  other  atoms  attached  to  the  silicon,  ani  the  termination  M silane". 

For  example} 

(CjH jS )^SiC^H j  t  rl- ( ethyl thio )-phenylsilane 

(B  rC^H^S )^Si  tet ra- (4-bromophenylthio )-silane 

[ (CH^ )3CS ]2Si (C^Hj ^  di- (tert-butylthio )-diphenylsilane 


Low  Molecular  Organosiloxanes 

On  the  condensation  of  organosilicon  hydroxyl  derivatives,  compounds  with  mole- 

I  I 

cules  containing  the  siloxane  groups  -Sk-O-SL-  are  formed. 

Compounds  consisting  of  atoms  of  silicon  and  oxygen  attached  in  succession  to 
each  other,  in  which  the  silicon  is  also  attached  to  organic  radicals  or  groups,  are 
called  organosiloxanes. 

Compounds  with  a  large  number  of  organosilcocane  groups  are  called  polyorgano- 
siloxanes. 

Polyorganosiloxanes  may  be  of  linear  or  cyclic  structure. 

The  names  of  low-molecular  organosiloxanes  are  composed  of  the  number  indicat¬ 
ing  the  position  of  the  silicon  atom  in  the  chain  or  ring,  the  number  and  name  of 
the  organic  radicals  or  groups,  the  number  of  silicon  atoms  linked  to  each  other 
through  oxygen,  and  the  termination  "siloxane". 

For  example: 


<j6«5 


CH, 


?6»5 


CH-, 


C,Hc-i— 0— Si— O—Si— O— S 

II  12  13 


CH, 


2 

c6h5 


CH, 


CaR 


6n5 


1,  4-diethyl-l,  2,  3,  4-tetra- 
phenyl-1,  2,  3,  4-tetramethyl- 
tetrasiloxane 
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1,  3-diaethoixy-l,  2,  3-tri-(m-chlorophen- 
yl)-l,  2,  3- 1 rimethyl- 1 ri silaxane 

1,  2-diphenyl-l,  2-dimethyl-l,  2-diethyl- 
dislloxane. 

In  the  case  of  a  branched  chain  of  an  organosilicon  compound,  the  name  (which 
is  formed  according  to  the  pattern  above  given)  also  contains  the  number  of  the 
silicon  atom  attached  to  the  side  silaxane  chain,  the  number  and  name  of  the  radi¬ 
cals  connected  with  the  side  siloocane  chain,  and  the  word  "silaxano", 

Por  example: 

CH,  CH,‘  CH,  CH, 

o— Si— o-ii— o-ii-CH,  1#  V-h examethyl-2-methyltri ethyl ailaxano- 

p  l»  ji  |« 

CH,  O  CH.  CH,  3-dimethyltetrasiloxane 

QH|—Si— CfH| 

^H, 

The  prefix  "cyclo"  is  added  to  the  name  of  cyclic  organosilaxanes. 

For  example: 


/x 


-a 


/\ 
!  I 


— C 


\/  CH,  \/ 

J  I  1 

C!  I,< ) — Si — O— Si — O — Si— OCI  I, 

I  '  !  2  I.  3 

ai;,  /\  CH, 

I  l-(.l 
\/ 


l  ,gl  Ig  (  .1  l;{ 

I.  L 

Ig— Si — ( ) — Si — 

|  .  |  2 

Cl  l,  C„H, 


Si(CHj). 

/N 

/  V 

o  o 

icH,hSi_o_si(ai,».. 


Si(OC^H, 

/N 

/ 


/  \ 
o  o 

1 1  1,1  *>)£i— (>SI(OO.I  I,); 


hexamethylcyclotrisilaxane 


hexaethoxycyclotrisiloocane 
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1,  3,  4-hexamethyl-2-methyltrimethyl- 
siloxanocyclotetrasiloxane 


ci  i3 

cm. 


/Si  4 

7i 

o 


1  Q. 

|  N)-SI— CH, 
o  nCH,, 


3  / 

-  / 

Si 

/  X 

CH,  Cl  I, 


Low-Molecular  Alkyl- Uryl)-polyorgano  silanes 

The  names  of  compounds  whose  silicon  atoms  are  linked  with  each  other  through 
divalent  radicals  or  groups  are  formed  from  the  number  and  name  of  the  radicals  or 
organic  groups,  the  number  and  name  of  the  divalent  radical,  the  number  of  silicon 
atoms,  and  the  termination  "silane". 

For  examples 


h  axamethyl ethyl ened  i s ilane 

1.  4-dihydroacy-l,  2,  3,  4-octylnethyl- 
triphenylenetetrasilane 


The  preparation  of  high-molecular  organosilicon  compounds  has  become,  during 
the  last  two  decades,  the  most  important  trend  in  the  chemistry  of  organosilicon 
compounds.  For  further  successful  developaMnt,  and  to  facilitate  research  in  this 
field  of  chemistry,  the  material  already  accumulated  must  be  systematised,  and  a 
nomenclature  and  classification  of  high-molecular  organosilicon  compounds  must  be 
worked  out.  At  the  present  time  the  names  of  the  high-molecular  organosilicon  com¬ 
pounds  are  formed  without  any  definite  system,  and  are  very  often  arbitrary,  and  do 


Clin  CM, 

Cl  I,— ■Si~CH,--Ult— Si-CI  I, 

CII,  CM, 

ill,  CII,  CM,  CH, 

[  I.  .  I 

I  H  >  -Si— 4  „H| — SI— i,ll|—Si— 4  .(!l  I,  -Si— OH 
,i  u  is  U 

hi,  01,  «:h,  ch, 

Hiah-Molecular  Organosilicon  Compounds 
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not  reflect  the  chemical  structure. 

A.V.Topchiyev,  in  collaboration  with  the  present  author*  (Bibl.55)  has  proposed 
basic  principles  of  nomenclature  and  classification  of  high-molecular  organosilicon 
compounds.  The  nomenclature  proposed  by  us  is  based  on  the  structure  of  the  main 
chain  of  the  mac romolecule. 

H  [H  |  H 

Polymeric  silicon  hydride*  H-Si — Si-  -Si-H  is  taken  as  the  starting  substance 

H  L  H  J  XH 

for  the  classification*  and  all  the  other  high-molecular  organosilicon  compounds  are 
regarded  as  its  derivatives*  that  is*  as  substances  formed  by  replacing  hydrogen 
atoms  in  it  by  organic  radicals  or  groups.  Compounds  of  certain  classes  are  regard¬ 
ed  as  products  of  the  simultaneous  substitution  of  the  group  Si-^i  by  Si-O-Si* 
Si-R-Si,  (where  R  is  a  divalent  radical)*  Si-NH-Si,  etc. 

The  names  of  high-molecular  organosilicon  compounds  are  formed  from  the  number 
and  name  of  the  end  groups;  the  number  and  name  of  the  side  radicals  connected  with 
the  silicon  atom  or  with  other  atoms  of  an  elementary  unit  in  the  molecular  chain; 
the  number  and  name  of  the  radicals  or  atomic  groups  entering  into  the  chain  of  the 
mac romolecule*  and  the  termination  "silane"  or  "siloxane".  The  presence  of  a  large 
number  of  repeating  units  in  the  chain  is  denoted  by  the  prefix  "poly".  For  the  end 
groups*  their  position  with  respect  to  the  first  and  the  last  atoms*  1  and  n*  is  in¬ 
dicated.  The  names  of  copolymers  are  formed  by  analogy. 

From  our  point  of  view  it  is  advisable  to  divide  high-molecular  organosilicon 
compounds  into  the  following  classes. 


The  silano-chain  polymers  are  compounds  with  a  chain  consisting  of  silicon 
atoms  alone.  Substances  of  this  class  are  regarded  as  products  of  the  substitution 
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of  the  hydrogen  atoms  in  polymeric  silicon  hydride  H-Si-  -Si-  -Si-H  by  organic  radi- 

H  L  H  JxH 

cals  or  organic  groups.  Their  names  are  formed  from  the  number  and  name  of  the  end 
groups,  the  prefix  "poly",  the  number  and  name  of  the  radicals  or  groups  in  the 
elementary  unit  of  the  molecular  chain,  and  the  termination  "silane". 

For  example: 

cn,"  cHj-  (.n., 

CH,— Si—  —Si—  -  Si— cii;,  1,  n-hCDcamethylpolydimethylsilane 

III 
a  i*.  cu,  *  cn.. 


Cl  I,,-  cn,  ■  ci  i, 
i  |  I 

Cll,— Si—  — Si  -  ,  Si— Cl  I, 

Ml.  I  I. 

CH,I  ( .,1 1,  lx  '  .1 1 1 


1,  n-hecamethylpolyphenylmethylsilane 


polycyclophenylmethylsilane 


Carbosilano-Chain  Polymers,  or  Organopolyaltarl- (Polyaryl )-311anes 

The  carbosilano-chain  polymers  are  compounds  with  a  chain  consisting  of  carbon 
and  silicon  atoms. 


Substance  of  this  class  are  considered  as  products  of  substitution  in  polymeric 


silicon  hydride 


H 

-Si-H  of  hydrogen  atoms  by  radicals  or  groups  and  the 


simultaneous  substitution  of  the  Si-Si  group  by  the  Si-R-Si  group,  where  R  is  a  di¬ 
valent  alkyl  or  aryl  radical.  Their  names  are  formed  from  the  number  and  name  of 
the  end  group,  the  prefix  "poly",  the  number  and  name  of  the  side  radicals  or  groups 
of  an  elementary  unit  of  the  molecular  chain,  the  name  of  the  divalent  organic  radi- 
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cals  entering  into  the  chain  of  the  n&croaolecule,  and  the  ending  “silane ", 
For  exaaplet 


cn»- 

1 

<31,- 
|  : 

Cll, 

| 

<31, — Si — | 

| 

-Cl  I5 — Si —  1-  < 

j  ! 

3  U— Si— Cl  1 

I 

Cl  1,1. 

Cll,  , 

CM, 

<3I,|* 

c.nr, 

CM, 

I 

|  , 
Cl  1, — Si— I 

1 

— C«l  l« — Sir-  i- 

|  j 

.oHg— Si— 

1 

Cll* 

C,!  1,  '* 

Cll, 

CHC 

J  I 

(31,- 

CH, 

j 

ai,-ii— 1 . 
1  , 

j  1 

—(*11, — Si —  j— 

Cll4— Si— C 

I  • 

Cl!,:_ 

ai,:« 

Cll, 

1,  n-h  exaaethylpolyd  inethylaethyl  ene- 
silane 

If  n-hexamethylpolydiethylethylene- 
silane 

1,  n-h  exAaethylpol ydimethylph  enyl  ene- 
silane 


Cbnrsilano-Chain  Polymers.  or  Polyorf[»wft»^o"f»w«« 

Polyorganosilaxanes  are  compounds  whose  aacroaoleeules  consist  of  a  chain  node 
up  of  alternate  atoms  of  oxygen  and  silicon. 

Substances  of  this  class  are  considered  as  products  of  the  substitution  of 


H 

I 


‘  H 


H 

I 

-■fli-H  by  radicals  or  groups* 

I 

r  H 


hydrogen  a toos  In  polymeric  silicon  hydride  H-Sl- 

H  L  H 

with  slsnltaneous  substitution  of  the  Si-di  group  by  the  Sl-O-Sl  group.  Their 
are  foxmed  of  the  noaber  and  nans  of  the  and  groups*  the  prefix  *poly”*  the  nuaber 
and  name  of  the  radical  and  groups  attached  to  the  silicon  atom  in  an  elesMntaxy 
unit  of  the  chain*  the  nuaber  of  atoms  of  silicon  in  a  unit  of  the  chain*  and  the 
tezaination  "siloxaneP. 

For  instance! 


Cl  I, 
(31,— ii— | 


(31,' 

-O-lli- 


CH 


(31, 


— oil— <  j  i;, 

i 

i*js  CM, 


1*  n-hmcaasthylpolydlmethylsll  oxane 
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<4 H.  •  C.H.  C.H* 

ciu-ii _ o-Si  -  ■  .oil  -CH:I  OHliph«ylt*trt«tthylpoly(liph«yl- 

(-'I  la  .  oi,-. _  *  <  i  la  nethylailoxane 


-  -Si — <  >— 


polymethjrleilcocane 


'  Oi,  “ 

— ii — o— 
i 

_  CHa  Jar 


polycyclodincthylsilaxane 


C.II,  Ola 

I  l 

•Si  — O— Si— O  - 

i  I 

O  a  la 


polypbenyldinethyldiailoacane 


oui,r  ovi 

|  i  j 

— si —  — o- si — «»— si — oau  i 
III 

OCH,.  CH,J,  «>chs 


iv-hccUMthaacTpolTdlMthjlsiloxJLQ* 


i — Sj — O-Si  —  — O— ii — OCtll,  ^ 

IxyiX  ^h. 


,  xv-h«a«thaxypolydi*thax7*iloxan* 


♦TTi ,vT>« r.\  -  ~ rn *3 ^ 


'is” 


Carboeilacano-chain  polycre  art  eoopounda  with  a  ehala  constating  of  atone  of 


carbon,  silicon  and  oxygen.  . 

Substances  of  this  class  arc  considered  as  products  of  the  substitution  of 

H  f  H  1  B 


hydrogen  atone  in  polyneric  silicon  hydride  B-6i-  -Mr  -81rH  by  organic  radicals 

B  B  Jx  B 

or  groups,  with  sinnltaaeous  substitution  of  the  5i-Bi  groupe  by  the  81-B-5i-0-Si 
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group  (where  R  is  an  organic  divalent  radical).  Their  names  are  composed  of  the 
number  and  name  of  the  end  group,  the  prefix  "poly*,  the  number  and  name  of  the  side 
radical  and  groups  attached  to  the  silicon  in  a  unit  of  the  chain,  the  name  of  the 
divalent  radical  entering  into  the  chain  of  the  macromolecule,  the  number  of  sili¬ 
cons  atom  in  a  unit  of  the  chain,  and  the  termination  "siloxane*. 

For  examples 


CH, 
CH, — li— 
^H, 


CH,0 


CH.I)  L 


CH, 

1 

CHj 

i 

— CgHg — Si — O — Si — 

1  1 

— C.H, — Si — CH, 

CH, 

CH,  1 

1 

*  CH, 

r  ch, 

CH,' 

(JCH, 

-CHr-Si— O-li- 

1 

— CH,— Si— OCH 

L  CH, 

Ah^. 

«  ()CH, 

1,  n-hexamethylpolytetramethyl- 
phenylenedisiloxane 


1,  n-hexamethoxypolytetramethyl- 
methylenedisiloxane 


Metalloaorsilano-Chain  Polymers,  or  Polyorganometallosllaxanes 

Metallaxyailano-chain  polymers  are  compounds  with  a  chain  consisting  of  atoms 
of  divalent  or  polyvalent  metals  (magnesium,  aluminum,  chromium,  lead,  tin,  etc.), 
oxygen  and  silicon. 

The  structure  of  the  chain  of  the  molecule  may  be  expressed  as  follows  t 


K  R  R 

:  i  I 

•Si — < J — Si — O  M-  ( > — Si 
R  it  i 


Compounds  of  this  class  are  considered  as  products  of  the  replacement  of  hydro¬ 


gen  atoms  in  polymeric  silicon  hydride  H-Si- 

I 

H 


H 

-Si— I 

H 


H 


-Si-41  by  radicals  or  groups,  and 


a  simultaneous  substitution  of  the  Si-Si  group  by  the  -Si-O-M-O-Si-  group.  Their 
names  are  formed  from  the  names  and  number  of  the  end  groups,  the  prefix  "poly*. 
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the  number  and  name  of  the  radicals  or  groups  attached  to  the  silicon  or  metals  in 
the  unit  of  the  polymer  chain,  the  name  of  the  metal  in  the  chain  of  the  macromole- 
cule,  and  the  termination  "siloxane". 

For  example: 


Cl  I31  (  *1  I3  l  -1  I  ! 

;  !  i.  !. 

(.113 — Si — |  — O — Al  — Si —  t — O— Al-  < Si — Cl  I* 

I  1  !  I.|  I 

cn,1  o  cn,  !,  o  ci  i't 


(1,  n)-hexamethylpolyaluminoxy- 
dimethylsiloxane 


(  )CoI  J 5  | 

1 .*1  1,0— Si . 

I 

oqh, 


<  JCtI  l,”j 

-O-  Mtj-  u-^i — 


OC.H-, 

I 

~‘J  -Me  <>— Si— OC,H, 

! 

*  OC.M, 


(1,  n)-hexaethaxypoly- 

aagnesiumoxydiethoxy- 

siloxane 


Metalloldosilano  Chain  Polymers 

Metalloidosilano-chain  polymers  are  compounds  with  molecular  chains  consisting 
of  atoms  of  silicon  and  nitrogen,  oxygen,  or  other  metalloids,  phosphorus,  sulfur, 
etc. 


Compounds  of  this  class  are  considered  as  products  of  the  replacement  of  hydro¬ 


gen  atoms  in  polymeric  silicon  hydride  H-8i- 


H 


H  L  HjxH 


H 


—Si — I  -Si-H  by  radicals  or  groups,  and 


the  simultaneous  replacement  of  the  Si-Si  groups  by  Si-S-Si,  Si-NH-Si,  Si-O-P-O-Si, 
or  by  other  groups. 

The  names  of  compounds  of  this  class  are  formed  from  the  name  and  number  of  the 
end  groups,  the  prefix  "poly**,  the  number  and  name  of  the  radicals  and  groups 
attached  to  the  silicon  or  metalloid  atoms  in  the  unit  of  the  polymer  chain,  and  the 
name  of  the  atoms  and  metalloid  groups  of  which  the  chain  of  the  macromolecule  is 
composed. 

For  example: 
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CH, — — 

I 

CH, 


— Nl  I — Si — 

I 


CH,J* 


-Nl  I— Si — CH, 
I 


CH, 


1*  n-hexamethylpolyd imethylamino  silane 


CH, 


Cl  1,-Si— 

iw»: 


CH, 

-O— l>— o-ii- 

Wl 


o 


CH, 

I 

-o— si— ch, 

in. 


CH, 

ciis_i_ 

l 

CH, 


— N - Si— 

(Lh,  in. 


Cl  I,  :  CH, 

— N - ii— CH, 

!  I 

*  C.H,  Cl  I, 


1,  n-hexamethylpolypho  spho  roxyd imethyl- 
siloxane 

(1,  n)-h®camethylpolydimethylphenyl- 
amlnosilane 
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CHAPTER  I 


COMPOUNDS  OF  SILICON  AND  HYDROGEN 


The  Saturated  Silanes 

The  structure  of  the  saturated  silanes,  corresponds  to  the  structure 

of  the  hydrocarbons  of  the  methane  series,  but  the  highest  compound  of  the  silane 
series  that  workers  have  been  able  to  investigate  has  been  hexasilane,  SigH^.  With 
great  difficulty  molecules  of  polysilanes  with  as  many  as  14  silicon  atoms  were  pre¬ 
pared,  but  they  could  not  be  studied,  owing  to  the  very  low  stability  of  the  sil¬ 
anes,  which  decreases  with  increasing  number  of  silicon  atoms  in  the  molecule.  All 
the  known  and  studied  saturated  silanes  are  substances  that  easily  ignite  spon¬ 
taneously  in  the  air. 

Of  the  saturated  silanes,  compounds  from  SiH^  to  SigH^  have  been  studied. 

Monosilane  Sify  has  been  prepared  by  electrolysis  of  a  sodium  chloride  solution 
(with  an  Al^Si^  anode)  • 

Disilane  S^H^,  trisilane  813%,  tetrasilane  Si/,Hio#  pentasilane  SijHjjj  and 
hexasilane  SigH]^  have  been  prepared  (Bibl.2)  by  the  action  of  mineral  acids  on 
magnesium  silicide  MgjjSi  and  calcium  silicide  CajSi. 

Methods  of  Preparation 

One  of  the  simplest  methods  of  preparing  a  mixture  of  silanes  is  the  decomposi¬ 
tion  of  metallic  silicides  by  mineral  acids.  The  silicides  of  metals  are  obtained 
by  high  temperature  roasting  of  amorphous  or  crystalline  silicon  or  silicon  dioxide, 
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or  of  certain  silicates,  with  salts  of  metals,  mainly  of  the  second  group. 

Many  different  methods  of  preparing  silicides  have  been  described,  but  those  of 
Kolbe,  Kautskiy,  as  well  as  that  of  Stock  and  Somieskiy  (Bibl.3)  are  of  the  greatest 
interest. 

Magnesium  silicide  is  formed  when  a  mixture  of  MgC^,  Na^SiFg,  and  NaCl  is 
heated  to  a  bright  red  heat.  The  silicides  so  obtained  are  a  black  mass  with  a 
grayish  shade,  in  which  leaflets  and  bright  globules  of  black  are  distributed.  From 
a  mixture  of  CaCl2,  K^iF^  and  NaCl,  calcium  silicide  was  prepared  in  dark  blue  cry¬ 
stals  in  the  form  of  shining  plates,  which  in  time  grow  dull  in  the  air. 

When  a  silicide  is  prepared  by  roasting  a  mixture  of  pure  silicon  dioxide  and 
magnesium,  it  has  been  found  that  if  the  ratio  SiOgrMg  exceeds  1  :  2,  then  decompo¬ 
sition  of  the  silicide  so  formed  by  acids  does  not  liberate  silanes,  but  only  hydro¬ 
gen.  It.  was  also  found  that  on  decomposition  of  magnesium  silicide  a  substance  of 
the  composition  was  formed  as  a  solid  insoluble  precipitate.  The  silicides 

of  magnesium  and  calcium  may  have  a  different  composition.  The  literature  states 
that  the  magnesium  silicide  Si2Mg^  prepared  by  Wohler  consists  of  two  silicides: 

3  Si-jhgj  -  4  MggSi  ♦  Kgjj3i2 

On  decomposition  of  Mg^Si  by  HC1,  silicooxymo  no hydrate  is  formed  and  hydrogen  is 
evolved: 

2MK»Si  +  121  H  I  -j-  lit/)  =  Si,H,0,  4  tiMgClj  •+•  Ml.- 

When  a  mixture  of  silicon  and  magnesium  is  heated  in  a  jet  of  hydrogen,  eutec¬ 
tic  mixtures  are  formed  in  which  both  components  are  soluble  in  any  proportions.  A 
number  of  investigators  have  reached  the  conclusion  that  magnesium  silicide  is  a 
mixture  of  many  silicides. 

The  quantity  of  silane  liberated  on  the  decomposition  of  calcium  silicides  de¬ 
pends  on  the  ratio  of  the  molten  calcium  and  silicon.  Thus,  for  instance,  silicides 
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containing  38  -  52%  of  silicides  liberate  appreciably  less  silanes  than  silicides 
containing  60  -  91%  of  silicon* 

The  calcium  silicides  have  been  studied  in  detail  by  Kol*b  (Bibl*3).  According 
to  his  researches,  the  simple  fonsula  Ca2Si  does  not  correspond  to  the  experimental 
data*  By  modifying  the  conditions  of  separation  of  calcium  silicides,  he  obtained 
two  products. 

1*  A  dark  blue  powder  Ca^Si^Q  (mp  2000°C).  The  structural  formula  of  this 
compound  ist 


SI  i— Si — Si*Si — Si —Si — Si  — Si — Si  :-S> 

n  \/  \/  \/  \/  'i 

Cn  Ca  Ch  (.a  Ca  t,n 


2*  A  flocculent  powder  Ca^Si-:  q 


Da-  Si — Si — Si — Si— Si — Si — Si— Si — Si  -Si  <.;i 
<•»  Ch  Cm  Ca  Ca  Ca  i:a  Ca 


The  formation  of  a  complex  mixture  of  various  products  on  the  decomposition  of 
silicides  serves  as  a  proof  that  the  formula 

CatSi  -1-  4HCUSiH4  +  » itCI, 

does  not  reflect  the  actual  course  of  the  process* 

In  the  solid  residue,  besides  silieomonooxyhydrate,  a  series  of  polymeric 
hydrides  (8iB)x  and  polymers  of  the  composition  (H2SiO)n  were  found.  It  may  be 
assumed  that  the  reaction  proceeds  in  several  stages,  since  silieomonooxyhydrate 
cannot  be  formed  as  a  result  of  the  primary  reaction* 

Under  the  action  of  sulfuric,  nitric  and  acetic  acids  on  calcium  silicides, 
they  are  decomposed,  with  the  formation  are  silicone  and  leueone.  Silicone  is  form¬ 
ed  on  the  decomposition  of  calciw  silicide  in  the  dark;  it  has  the  form  of  bright 
orange  crystals  and  is  easily  oxidised  on  heating  to  silicon  dioxide  (Bibl.5). 
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D. I .Mendeleyev  called  silioone  chryseon,  because  of  its  golden  color.  The 
elementary  composition  of  silicone  is  it  is  considered  as  the  hypothetical 

hydrate  of  silicon  suboxide,  SijjOI^O.  Leucone  is  formed  by  the  action  of  light  on 
silicone.  It  is  prepared  by  the  action  of  dilute  acids  on  calcium  silicide  in  the 
light,  and  silicon  hydrides  are  also  formed  during  this  reaction. 

The  chemical  composition  of  the  leucones  correspond  to  the  formula  Si^O^  (or 
Si405H2). 

It  is  believed  that  at  the  beginning  of  the  decomposition  reaction  a  silicide 
complex  is  formed  according  to  the  equation 

VW.Si  -  JIM)  =--  lUSi(ttgOII), 


and  then  that  this  complex  then  reacts  with  the  acid,  forming  the  hypothetical* 
silene: 


I  IjSi(MgOH);  +  4IICI -  2M*CI,  +  211,0  .  H,  +  |SiH,) 

which  is  afterward  polymerised,  and  the  polymers,  on  reacting  with  water,  form 
various  silanes  (Bibl.6) 


(Sill,)* +  11,0 - I  l,SiO  +  Sil  I. 


Prosiloxane  HgSiO,  according  to  the  data  of  Stock  and  Somieski,  was  isolated  in 
the  monomeric  form,  which  partially  confirms  the  above  formula  for  the  reaction 
(Bibl.7). 

The  process  of  decomposition  of  the  silicide  was  conducted  in  two  stages.  At 
first  the  silicide  was  subjected  to  the  action  of  acid  in  the  cold.  In  this  case 
the  greatest  quantity  of  gases  containing  a  mixture  of  silanes  was  evolved,  while 


*Monosilene  SiH2  has  never  been  isolated,  and  its  existence  can  only  be  suppos¬ 
ed,  but  its  formation  as  an  intermediate  reaction  product  is  entirely  possible. 
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the  residue  consisted  of  a  fusible  brown  mass  from  which  hydrogen  was  evolved.  On 
heating  this  mass,  the  decomposition  was  completed,  and  in  the  residue  a  perfectly 
white  mass  termed  by  the  author  wsilicooxalic  acid"  was  foraed. 

In  the  study  of  this  process  it  was  postulated  that  the  liquid  reaction  product 
might  also  contain  higher  compounds  of  the  series  Si^^g*  with  a  number  of  silicon 
atoms  greater  than  six,  but  it  was  not  possible  to  isolate  them. 

Physical  Properties 

The  physical  properties  of  the  saturated  silanes  resemble  those  of  the  lower 
paraffins.  Monosilane  SiH^  and  disilane  at  room  temperature  are  gases  with  a 

disagreeable  odor  at  room  temperature.  In  the  absence  of  moisture  and  oxygen,  they 
are  rather  stable. 

Trisilane  813%  and  tetrasilane  S^H^o  are  mobile,  volatile,  toxic  liquids  with 
■  an  even  more  unpleasant  odor  than  the  lower  compounds  of  the  silane  series.  Penta- 
silane  SijH^  end  hexa silane  Si^H^  are  also  volatile  liquids.  They  are  extremely 
unstable;  and  their  properties  have  not  been  studied  in  more  detail. 

The  silanes  are  soluble  in  alcohol,  benzine,  tetra-substituted  silanes  and 
carbon  disulfide.  Solutions  of  silanes  in  carbon  disulfide  are  highly  explosive  - 
the  entrance  of  air  into  a  closed  vessel  with  such  a  solution  leads  to  an  explosion 
of  great  violence. 

Table  3  gives  the  physical  properties  of  V  9  lower  silanes,  and,  for  compari¬ 
son,  the  properties  of  the  corresponding  hydrocarbons. 


Table  3 

Physical  Properties  of  the  Lower  Silanes  and  Corresponding 
Hydrocarbons  (Bibl.ll) 


Specific  Gravity 

Melting  Point 

Boiling  Point 

Foimula 

in  Liquid  State 

°C 

°C 

SiH 4 

0.5S(-185°) 

-185 

-112 
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Formula 

Specific  Gravity 

in  Liquid  State 

Melting  Point 
°C 

Boiling  Point 
°C 

ch4 

0.415  (-164°) 

-182.5 

-161.6 

Si2H6 

0.686(-25°) 

-132 

-44 

C2H6 

0.546(^88°) 

-182.8 

-88.6 

Si3Hg 

0.743(0°) 

-117 

4  53 

c3h8 

0.585  (-44°) 

-187.6 

-42.1 

Si4H10 

0.825(0°) 

-90 

4109 

C4H10 

0.60(0°) 

“138.3 

-0.5 

The  data  of  Table  3  shows  that  the  density  n f  the  silanes  is  considerably 
greater  than  that  of  the  corresponding  hydrocarbons.  The  melting  points  and  boiling 
points  of  the  silanes  increases  more  sharply  with  increasing  molecular  weight  than 
the  melting  and  boiling  points  of  the  corresponding  hydrocarbons. 

The  interatomic  distance  between  the  hydrogen  and  carbon  atom  in  methane  is 
1.093  X,  while  that  between  the  hydrogen  and  silicon  in  silane  is  1.54  X. 

Chemical  Properties 

The  most  characteristic  feature  of  the  silanes  is  their  oxidizability.  Oxida¬ 
tion,  depending  on  the  conditions,  is  either  violent,  leading  to  the  formation  of 
Si02,  or  quiet,  leading  to  the  formation  of  a  number  of  intermediate  oxidation  pro¬ 
ducts. 

The  oxidation  of  trisilane,  tetrasilane,  pentasilane,  and  hexasilane  has  been 
little  studied  owing  to  the  intensity  of  the  reactions,  which  take  the  course  of 
violent  explosion. 

The  admixture  of  even  negligible  quantities  of  pentasilane  in  the  lower  silanes 
increases  the  possibility  of  explosion  and  intensifies  such  explosion.  For  this 
reason  all  studies  of  the  silanes  must  be  conducted  very  cautiously,  and  the  maximum 
purity  of  the  product  must  be  attained.  The  entrance  of  even  insignificant  quanti- 


F-TS-9191/V 


64 


ties  of  air  in  vessels  containing  silane  is  particularly  dangerous.  The  so-called 
•♦harmful  space"  must  also  be  avoided. 

Mbnosilane,  in  presence  of  oxygen,  is  oxidized  explosively  even  at  the  tempera¬ 
ture  of  liquefaction  of  air  (-191°C).  In  oxygen  diluted  with  nitrogen  or  argon  in 
vacuo  at  a  temperature  of  70  -  80°C,  oxidation  was  still  rather  intense,  and  toward 
the  end  of  the  process  the  oxygen  disappeared  completely  from  the  gaseous  medium. 

In  the  reaction  vessel,  after  the  completion  of  the  reaction,  were  found,  in  addi¬ 
tion  to  the  inert  gas,  hydrogen,  water,  the  gaseous  oxidation  product,  and  a  white 
or  brown  solid  substance. 

Studies  of  this  solid  substance  showed  it  to  consist  of  a  complex  compound, 
which  was  a  polymer  of  the  silicon  analog  of  fonnic  anhydride  or  polymeric  prosil¬ 
ane: 


{[SiH2(0)]20}x  [SiH2(0)Jx 

polymer  of  silicon  analog  of  polymeric  prosilane 

formic  anhydride 

With  an  excess  of  oxygen,  the  oxidation  of  the  silanes  is  accompanied  by  an 
explosion.  The  cause  of  the  explosion  is  the  explosion  of  a  mixture  of  oxygen  and 
hydrogen,  since  hydrogen  is  liberated  during  the  oxidation.  According  to  the  data 
of  researches  of  Stock  and  Somieski  (Bibl.3),  the  oxidation  of  silanes  leads  to  the 
formation  of  polymeric  products. 

Owing  to  their  easy  oxidizability,  the  silanes  are  good  reducing  agents.  They 
reduce  KMnO/,  to  MnOj,  Hg44  to  Hg4,  Fe444  to  Fe44,  Cu44  to  Cu4.  The  reduction  of 
silver  by  silanes  from  a  concentrated  AgRO^  solution  takes  place  in  several  stages: 

Sil  I,  -r  4AgNOj  SiAg,  +  4IINO., 

4AgNO,  -t-  Si  An,  +  21 1,0 - *■  SiOj  +  8Atf  +  JIINO, 

The  silanes  also  reduce  CuSO/,,  HgCl2,  AUCI3,  etc. 
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The  silanes,  especially  the  higher  homologs,  decompose  even  when  stored  in  a 
place  completely  free  of  air  and  light.  The  decomposition  takes  place  with  forma¬ 
tion  of  both  lower  silanes  and  polymers.  A  solid  residue  (SiH2)x  is  always  formed 
in  this  transformation.  On  heating,  the  decomposition  is  accelerated.  Monosilane 
is  most  stable  of  all.  When  it  is  dissolved  in  a  medium  completely  free  of  oxygen 
and  air,  its  decomposition  begins  only  at  400°C.  Disilane  decomposes  at  250°C.  The 
other  compounds  of  the  silanes  series  begin  to  decompose  in  the  light  at  already 
0°C. 

When  tetrasilane  is  kept  for  a  month  under  conditions  preventing  contact  with 
air,  20*  of  hydrogen  is  liberated,  and  16*  of  mono-  and  disilanes,  together  with  a 
little  trisilane  is  formed.  The  penta  and  hcocasilanes  decompose  to  the  extent  of 
85  -  90*  in  a  few  months.  Their  decomposition  products  consists  of  a  mixture  of 
gaseous  Sify  and  Si2H£  with  a  certain  quantity  of  S^Hg,  Si^H^o*  and  the  solid  poly¬ 
mer  (SiH*)r. 

The  silanes  are  decomposed  more  completely  and  considerably  faster  by  water. 

The  decomposition  is  so  complete  that  the  volumetric  measurement  of  the  quantity  of 
hydrogen  evolved  is  used  for  analysis. 


Sill,  +  21 UO  -  SiO,  +  41 I, 
Si, 1 1,  +  41 1-0  =  2SiO,  +  71 1. 
Si,H,  +  bl  1,0  -  3SiO,  +  IOII-, 
Si«H1(,  +  SH.O  4SiO,  +  1)H, 


The  decomposition  of  silanes  of  different  molecular  weight  by  water  takes  place 
at  a  different  rate.  Thus,  for  example,  SiH/,  is  15  -  2056  decomposed  in  24  hours, 
Si2H^20  -  25*  in  the  same  time,  andSi3H,-  30*. 

When  the  silanes  are  decomposed  by  water,  together  with  SiC^,  a  completely  in¬ 
soluble  transparent  film  is  foraed  on  the  walls  of  the  vessel.  This  consists  of  a 
polymer  having  the  structure  of  a  polysiloxane.  This  film  is  found  only  when  no 
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mercury  adheres  to  the  walls  of  the  vessel  after  the  experiment. 

It  has  also  been  found  that  the  silanes  are  not  decomposed  by  chemically  pure 
water  in  a  quartz  vessel.  It  has  been  established  that  the  alkalinity  of  the  glass 
is  of  great  importance  in  the  decomposition  of  the  silanes  by  water.  The  reaction 
of  pure  silicon  with  water  likewise  fails  to  proceed  in  the  absence  of  alkali.  The 
alkali  is  believed  to  have  a  catalytic  action. 

Si  +  2NaOM  +  H„0 - *  Na^iO,  +  2H... 

NijSiOt  4-  11*0 - -•  SiO*  +  2NaOH 

A  detailed  study  of  the  action  of  alkalies  on  silanes  has  shown  that  dry 
alkali,  just  like  chemically  pure  water,  has  practically  no  action  in  decomposing 
silanes.  Under  the  action  of  aqueous  solutions  of  alkalies  on  silanes,  this  reac¬ 
tion  proceeds  rapidly  and  to  completion.  A  33%  aqueous  solution  of  NaOh  acts  most 
powerfully  at  all,  completely  decomposing  monosilane  in  two  hours,  disilane  in  one 
hour,  and  the  other  silanes  in  a  few  minutes. 

2>iH«  4-  2NaOI  I  4- 11,0  -  Na,SiO,  +  4H, 

Si,H,  •+■  4NaOH  4*  2HI0«  2Na*SiO,  4-  7H- 
Si»ll«  4-  tiNaOH  4-  3H,0  «  3Na,SiO,  4-  101 1,. 

Si«H„  -t-  8NhOII  4-  «HiO  *  4Na£iO,  4-  13H: 

In  the  absence  of  water,  the  silanes  probably  form  intermediate  products  with 
an  alkali.  These  products  are  decomposed  under  the  action  of  water,  liberating 
hydrogen  and  forming  silicates.  There  are  still  no  trustworthy  data  confirming  this 
view. 

Wien  silanes  react  with  halogens,  all  the  hydrogen  atoms  are  completely  and 
instantaneously  replaced  by  halogen  atoms.  The  reaction  proceeds  explosively.  The 

The  hydrohalogen  acids  do  not  react  with  silanes  at  high  temperatures  (up  to 
200^0),  but  in  the  presence  of  AlCl^  this  reaction  proceeds  at  a  marked  speed  at 
10C°C.  The  hydrogen  atoms  are  replaced  by  halogens.  In  this  way  monochlorosilane 
H-jSiCl,  dichloro silane  HjSiC^,  monobromosilane  H-jSiBr,  dibromosilane  HjjSiB^,  etc., 
have  been  prepared,  as  well  as  the  halo-derivatives  of  disilane. 
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Bromine  and  nitric  acid  decompose  dieilane  and  the  higher  silanes.  Sulfuric 
acid  has  no  action  on  silanes.  The  chlorine  and  fluorine  derivatives  of  methane 
react  explosively  with  silanes.  The  interaction  of  silanes  with  chloroform  and  car¬ 
bon  tetrachloride  has  been  studied  in  detail.  The  reaction  does  not  proceed  in  the 
absence  of  traces  of  oxygen,  but  it  does  proceed  explosively  in  cases  where  there 
are  traces  of  oxygen  in  the  reaction  vessel.  It  has  also  been  found  that  even  in 
the  absence  of  traces  of  oxygen,  chloroform  reacts  with  trisilane  at  60  -  70°C  in 
the  presence  of  AlCl^.  The  reaction  proceeds  rapidly,  but  with  no  flash  or  explo¬ 
sion.  The  reaction  product  consists  of  derivatives  of  trlsilane  of  various  degrees 
of  chlorination,  and  of  dichloromethane. 

SI,H,  +  4HCCI,  -  Si, 1 1«C1«  +  4CH£i, 

Si,H(  +  5HCCI,  -  Si,H,CI,  +  5CH<CI« 

THE  UHSATUR&TED  SILANES 

The  unsaturated  silanes,  the  silanes  Si^Rgn  and  the  Bilines  81^2^2*  corre¬ 
spond  in  structure  to  the  unsaturated  hydrocarbons  of  the  ethylene  and  acetylene 
seriee.  The  unsaturated  silines  have  not  yet  been  isolated  by  anyone  in  the  mono¬ 
meric  form.  From  compounds  of  this  class,  polymeric  unsaturated  silane  (SiHg),.  has 
been  obtained. 

The  Sllenes  SinH2n 

The  existence  of  aonosilene  3iH2  is  recognised  as  possible,  as  already  stated, 
only  as  an  intermediate  product  in  the  decomposition  of  the  silicides  and  the  forma¬ 
tion  of  saturated  silanes.  In  this  case  monosilene  is  polymerized  to  the  solid  pro¬ 
duct  (SiH2>x. 

Stock  and  Sonieski  (Bibl.7)  postulate  that  monosilene  is  formed  as  an  inter¬ 
mediate  product  on  the  reaction  of  monochloro-  or  dichlorosilane  with  sodium 

amalgamr 
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SiH*a:  +  4Na  =.  I  IjSiNat  +  2NaCI 
H,SiNa:  +  1  Is  HsSi  +  UgNii,. 

The  HgSi  so  formed  is  polymerized* 

Honosilsilene  is  the  hydride  of  silicon  suboxide  SiO.  An  indirect  proof  of  the 
existence  of  this  intermediate  product  (monosilene)  is  the  isolation  by  Friedel  and 
Landenburg  of  the  subiodide  SiJ,--*  which  is  a  derivative  of  SiHg. 

There  are  various  views  on  the  possibility  of  preparing  silicoethylene.  The 
hypothesis  has  been  expressed  that  SigH^  can  be  obtained  from  the  gaseous  product  of 
the  decomposition  of  magnesium  silicide  by  HC1  by  liquefying  these  products  with 
liquid  air.  After  fractionation  of  the  condensate  at  room  temperature  and  distil¬ 
ling  off  the  SiH^  and  SigH^,  a  liquid  of  boiling  point  60°C  remains  behind ,  which 
explodes  violently  in  the  presence  of  oxygen*  This  liquid  was  considered  to  be 
silicoethylene.  The  same  liquid  was  also  obtained  on  the  decomposition  of  calcium 
silicide. 

Other  investigators  (Bibl.8)  categorically  deny  the  existence  of  silicoethyl¬ 
ene*  and  consider  the  liquid  so  obtained  to  be  a  mixture  of  silenes.  With  the  ob¬ 
ject  of  verifying  the  existence  of  siliconethylene*  a  series  of  experiments  in  its 
isolation  by  cleavage  of  water  from  disiloxane  was  perforated. 

— H,U 

ll,Si--<>-  Sill,  -Kill, 

All  experiments  in  heating  disiloxane  led  to  the  polymerization  of  the  product* 
while  experiments  with  dehydrating  agents  of  the  type  of  PgO^  led  to  the  liberation 
of  monosilane. 

Thus  the  attempts  to  isolate  silicoethylene  in  the  monomeric  state  were  unsuc¬ 
cessful. 

The  hypothesis  that  silicoethylene  exists  only  in  the  polymeric  form  must  be 
considered  to  be  most  probable. 

Other  representatives  of  this  series  of  compounds  are  unknown. 
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The  Sillnes  SinH2n_2 

Up  to  the  present  time  no  one  has  succeeded  in  preparing  silines,  and  their 
derivatives  are  also  unknown. 

Polymeric  compounds  corresponding  to  the  general  formula  SinH2n_2  or  close  to 
it,  judging  by  the  results  of  elementary  analyses,  were  isolated  by  Bertlo  (Bibl.9) 
on  the  decomposition  of  monosilane  in  a  bomb.  A  dark  solid  substance  was  found  on 
the  walls  of  the  bomb  after  the  reaction.  This  solid  substance,  according  to  the 
results  of  the  analysis,  has  the  following  composition:  SiH^^J  ®^i.43» 

SiH1.58  or  (Si2H3^  4 

It  is  believed  that  on  treatment  of  calcium  silicide  with  dilute  acids,  silico- 
acetylene  is  given  off.  The  product  so  obtained  is  a  polymeric  yellow  crystalline 
explosive  substance.  The  basis  for  the  assertion  that  it  is  polymeric  silicoacetyl- 
ene  is  only  the  formula  of  the  elementary  composition  of  the  substance  obtained.  On 
heating  in  air  the  product  is  oxidized,  while  on  heating  in  a  tube  it  is  decomposed 
into  Si  and  H2»  By  decomposing  other  silicides  (for  instance,  barium  and  strontium 
silicides),  a  substance  similar  to  that  described  could  not  be  isolated. 

The  unsaturated  polymeric  hydrides  (SiH)x  are  formed,  as  already  stated,  on  the 
spontaneous  decomposition  of  the  higher  silanes,  and  also  on  the  decomposition  of 
the  silicides  (Bibl.10). 

When  chlorides  of  monosilane  react  with  sodium  amalgam,  unsaturated  hydrides  in 
the  form  of  a  gray  powder  are  formed.  The  hydrides  are  also  obtained  on  the  decom¬ 
position  of  a  mixture  of  silanes.  The  residual  viscous  greasy  mass  liberates  SiH4, 
SijH^  and  hydrogen.  Further  distillation  of  the  mass,  after  long  standing,  leads  to 
the  formation  of  a  porous  yellow  amorphous  residue.  The  solid  product  has  the 
following  elementary  composition:  SiHi>22*  ®^1.15*  ®ifi1.14*  si%.13*  siH1.12* 

The  action  of  very  dilute  alkali  on  the  polymeric  hydrides  leads  to  the  evolu¬ 
tion  of  hydrogen  and  SiH^.  By  the  action  of  a  KOH  solution  the  hydrides  are  decom¬ 
posed  into  hydrogen  and  Si02,  like  all  silanes. 
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CHAPTER  II 


COMPOUNDS  OP  SILICON  WITH  HALOGENS 

The  preparation  and  a  few  properties  of  the  haloderivatives  of  silicon  were 
described  as  early  as  last  century.  This  class  of  compounds  includes  the  haloderiv¬ 
atives  of  mo no silane,  i.e.,  mono-,  di-,  tri-  and  tetrahalosilanes  (general  formula 
HfjSil^n,  where  n  ■  0,  1,  2,  and  3)»  and  of  the  haloderivatives  of  polysilanes 
(general  formula  3iBHnl2a+2-n»  where  m  may  be  as  high  as  10). 

The  haloderivatives  of  polysilanes  are  of  no  practical  importance  today  and 
have  been  studied  considerably  less  than  the  haloderivatives  of  mo  nosilane. 

The  stability  of  the  silanes  is  increased  considerably  by  the  introduction  of 
halogens  into  their  molecules.  The  higher  silanes,  even  after  the  introduction  of 
only  a  single  halogen  atom,  can  be  distilled  in  vacuo  without  decomposing.  The 
halo-substituted  silanes,  regardless  of  the  nature  of  the  halogens  and  their  number, 
possess  the  typical  properties  of  halo-anhydrides:  they  easily  exchange  their  halo¬ 
gens  for  hydroxyl,  with  water  and  hydroxyl-containing  compounds.  When  halosilanes 
react  with  organometallic  compounds,  unsaturated  hydrocarbons,  or  diazo  compounds, 
the  halogen  atoms  are  easily  replaced  by  organic  radicals.  The  halosilanes  are  not 
reduced  to  silanes,  and,  in  contrast  to  the  haloderivatives  of  hydrocarbons,  they  do 
not  form  organomagnesium  compounds.  Here  the  peculiarities  of  silicon  are  manifest¬ 
ed,  which,  as  already  stated  earlier,  has  a  greater  affinity  for  the  metalloids  than 
for  the  metals.  Tetrahalosilanes,  under  the  action  of  water,  form  the  unstable  and 
readily  condensed  orthosilicic  acid.  The  trihalosilanes  HSil^  form  easily  condensed 
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trihydroxysilanes.  Under  the  action  of  water  in  an  alkaline  or  acid  medium,  reac¬ 
tion  takes  place,  with  evolution  of  hydrogen,  as  a  result  of  the  replacement  of 
hydrogen  by  hydroxyl. 

Under  the  action  of  water  on  dihalosilanes  H^iC^  and  monohalo  silanes  H^SiCl, 
the  halogens  contained  in  them  are  replaced  by  hydroxyl,  thus  forming  the  corre¬ 
sponding  dihydroxyl silanes  and  hyd roxysilanes .  The  trihydroxyl  silanes,  dihydroxyl 
silanes  and  hydroxyl silanes  are  of  a  structural  analogous  to  that  of  the  alcohols, 
but  differ  in  their  properties  from  the  alcohols  by  their  exceptional  tendency  to 
form  polymers. 

The  haloderlvatives  of  the  monosilanes  are  important  starting  substances  for 
the  synthesis  of  organosilicon  monomers  and  polymers. 

Tetrahalosilanes 

The  most  important  representative  of  the  tetrahalosilanes  is  silicon  tetra¬ 
chloride.  The  great  importance  of  SiCl^  is  due  to  the  simplicity  of  its  prepara¬ 
tion,  its  inexpensiveness,  and  the  availability  of  the  raw  materials  for  its  synthe¬ 
sis,  so  that  the  cost  of  SiCl^  is  many  times  lower  than  the  cost  of  all  other 
halo-derivatives  of  silicon.  Besides  this,  silicon  tetrachloride,  in  its  chemical 
properties  (for  instance  the  ease  of  esterification),  has  the  advantage  over  the 
other  halodisilanes .  Its  industrial  production  has  therefore  been  widely  developed 
in  a  number  of  countries. 

Methods  of  Preparing  Silicon  Tetrachloride 

The  synthesis  of  silicon  tetrachloride  is  most  often  conducted  according  to  the 
formula 


Si  +  2CI,  -  —  SiCI« 

Silicon  tetrachloride  was  first  prepared  by  the  action  of  chlorine  on  silicon 
at  a  red  heat  as  long  ago  as  1824.  This  reaction  was  later  studied  by  a  number  of 
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investigators  (Bibl.l,  2). 

A  detailed  study  of  the  chemical  process  of  preparing  silicon  tetrachloride  by 
the  action  of  the  halogen  on  an  alloy  of  silicon  with  iron  is  given  in  one  of  my  own 
works  (Bibl.3)« 

The  raw  material  for  the  synthesis  of  silicon  tetrachloride  is  ferrosilicon 
(containing  not  less  than  35%  of  silicon)  which  is  ground  into  lumps  1  to  2  cm  in 
size  and  is  charged  into  a  reaction  tube  placed  in  a  furnace.  The  tube  is  heated 
only  at  the  beginning  of  the  process.  When  a  temperature  of  200°C  is  reached,  the 
heat  is  shut  off  and  a  stream  of  dry  chlorine  is  passed  through  the  tube.  The  tem¬ 
perature  of  the  reaction  mixture  rises  to  450  -  600°C  (since  the  reaction  is  exo¬ 
thermic)  and  is  maintained  within  these  limits  by  regulating  the  rate  of  flow  of  the 
chlorine. 

The  yield  of  silicon  tetra¬ 
chloride  depends  on  the  temperature 
of  chlorination  (Fig.l)  of  500°C. 
Above  500°C  the  yield  does  not  vary; 
SiCl^  boils  at  57.7°  and  is  separat¬ 
ed  from  the  byproduct  of  the  reac¬ 
tion,  ferric  chloride,  by  simple 
distillation.  If  chlorination  is 
conducted  at  temperatures  of  300  - 
350°C,  the  product  of  chlorination 
contains,  in  addition  to  the  silicon 
tetrachloride,  a  small  quantity  of 
high-boiling  silicon  chlorides,  hexachlorodisilane  CljSiSiC^  and  octachlorotrisil- 
ane  Cl^iSiCljSiC^ . 

On  further  lowering  of  the  reaction  temperature,  the  content  of  polychlorosil- 
anes  in  the  product  increases,  amounting  at  200°C  to  0»U%  of  the  weight  of  the  con- 


a)  V 

Fig.l  -  Yield  of  Silicon  Tetrachloride 
Plotted  against  Chlorination  Temperature 

a)  Chlorination  temperature,  °C; 

b)  Yield  of  SiCl^,  % 
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densate,  and  at  180° C,  to  5*756.  In  1913*  Martin  (Bibl.2)  proposed  a  system  for  the 
process  of  chlorination,  that  has  not  encountered  any  objections  down  to  recent 
times.  Martin  supposes  that  the  atoms  of  silicon  are  bound  by  the  forces  of  the 
principal  valences  in  silicon  and  its  alloys,  including  ferrosilicon.  When  it  re¬ 
acts  with  chlorine,  the  bonds  of  the  silicon  are  broken  during  the  first  instant, 
chlorine  atoms  become  attached  to  it,  and  linear  polymeric  molecules  of  chlorosil- 
anes  are  fomed,  which,  under  the  subsequent  action  of  chlorine  are  broken,  thus 
forming  chlorosilanes  of  lower  molecular  weight. 

This  process  ends  with  the  formation  of  silicon  tetrachloride. 

The  stability  of  the  higher  chlorosilanes  decreases  sharply  with  increasing 
temperature,  and  therefore  their  content  in  the  condensate  is  considerably  reduced 
when  the  temperature  of  the  synthesis  is  raised.  An  additional  confirmation  of  the 
Martin  mechanism  is  the  fact  that  at  the  initial  instant  of  chlorination  at  low 
temperatures,  the  higher  chlorosilanes  and  silicon  tetrachloride  are  obtained. 

Another  group  of  methods  for  preparing  silicon  tetrachloride  is  based  on  the 
reduction  of  silica  with  the  simultaneous  chlorination  of  the  silicon  so  fomed. 

D.I .Mendeleyev  (Bibl.4)  prepared  silicon  tetrachloride  by  heating  a  mixture  of 
silica,  carbonised  starch  and  coal  in  a  current  of  chlorine  to  "white  heat". 

Sio2  +  2c  +  2ci2  -  Si<  :i«  -  2<  x  > 

Budnikov  and  Shpilov  (Bibl.5)  synthesised  silicon  tetrachloride  by  the  action 
of  phosgene  on  silica  in  the  presence  of  carbon  black  as  a  catalyst. 

SiO,  +  2T.OCI.  -  SiU,  +  2COj 

The  optimum  reaction  temperature  is  1000°C.  The  yield  depends  strongly  on  the 
degree  of  disperseness  of  the  silica. 

When  precipitated  silica  gel  is  used,  the  yield  could  be  brought  up  to  6256  of 
theoretical. 
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In  a  number  of  works  and  patents  (Bibl.6)  various  methods  of  preparing  silicon 
tetrachloride  have  been  proposed}  heating  carborundum  in  a  current  of  chlorine  at 
1000  -  1200°C;  passage  of  a  mixture  of  sulfur  polychloride  and  sulfur  over  incandes¬ 
cent  briquettes  of  a  mixture  of  silica  (or  silicates)  with  coal;  treatment  of  silica 
with  boron  trichloride;  passage  of  chlorine  through  a  mixture  of  aluminosilicates 
and  coal  at  high  temperatures.  The  latter  method  deserves  attention  in  view  of  the 
fact  that  two  valuable  products  are  obtained  at  the  same  time  as  a  result  of  the  re¬ 
action,  silicon  tetrachloride  and  aluminum  chloride. 

Silicon  tetrachloride  is  a  heavy  mobile  liquid.  The  product  usually  contains 
dissolved  chlorine  as  an  impurity.  To  remove  it  the  silicon  tetrachloride  must  be 
distilled  over  mercury.  This  method  of  purification  was  proposed  by  D. I .Mendeleyev 
(Bibl.4)  as  long  ago  as  the  middle  of  the  last  Century. 

Some  Physical  Constants  of  Silicon  Tetrachloride 


Specific  Gravity  at  15°C  .  1.49276 

Index  of  Refraction  n*°  .  1.41257 

Melting  Point  °C 

According  to  Stock . . . <-67.7 

According  to  Moissan . -89 

Surface  Tension  at  18.9°C,  dynes/cm  .  16.31 

Capillary  Constant  at  15°C  . .  2.797 

Critical  Temperature,  °C  .  .  .  .  . . 230 

Specific  Heat,  cal /kg 

Liquid  .  0.1904 

Gaseous  ......  .  ...  0.1322 

Trouton  Constant  .......  .  ...  21.0 

Dielectric  Constant  .  2.4 

Molecular  Cohesion  at  15°,  cal/mol  .  712.3 


Dissolved  Chlorine  at  20°C,  %  (by  weight)  ...  1 
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Fajans  has  invaatigatad  tha  alactronlc  atruetura  of  silicon  tetrachloride 
(Bibl.7). 

Hydrolysis  of  Silicon  Tetrachloride  and  Condensation  of  Hydrolyzate 

The  reaction  of  hydrolysis  of  silicon  tetrachloride  takes  place  almost  instan¬ 
taneously  and  very  energetically.  The  heat  of  reaction  of  silicon  tetrachloride 
with  an  excess  of  water  is  69.3  kcal/mol.  As  a  result  of  hydrolysis.  HC1  and  the 
polymeric  product  of  the  condensation  of  orthosilicic  acid  [Si(OH)^],  silica  gel. 
are  formed. 

The  tendency  of  the  initially  formed  hydroxyl  derivatives  of  silicon  to  inter- 
molecular  condensation,  forming  complex  molecules  with  siloxane  bonds 


A- 


on  +  HO—! 


i- 


I  I 

— Si — O— Si —  -f  11,0 


is  the  basis  of  the  formation  of  the  polys iloxanes  and  of  the  modem  technology  of 
polyorganosiloxanes . 

The  mechanism  of  the  condensation  of  organodihydroxysilanes  was  investigated 
only  toward  the  1930* s. 

The  hypothesis  that  this  process  proceeds  toward  the  formation  of 
high-molecular  inorganic  hydroxyl  derlvativea  of  silicon  was  enunciated  long  ago. 

The  first  of  such  guesses  was  advanced  by  D.l .Mendeleyev,  who  as  early  as  the  1850* s 
came  to  the  conclusion  of  the  **polymeric  nature  of  inorganic  oxygen  compounds  of 
silicon**  (Bibl.8).  Sven  then,  when  scientists  know  nothing  of  the  processes  of  for¬ 
mation  of  high-molecular  compounds,  Mendeleyev  wae  able  to  point  out  the  fundamental 
direction  of  the  process  toward  the  formation  of  a  high-molecular  polysiloxane. 

We  cite  Mendeleyev's  own  words* 

Orthosilicic  acid  Si(OH)^,  formed  on  the  action  of  water  on  silicon  tetrachloride, 
"does  not  remain  in  that  form,  but  loses  part  of  its  water  with  extraordinary  ease" 
..."the  hydrate  formed  is  not  actually  obtained  with  as  high  a  water  content  as 
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corresponds  to  Si(OH)^";  "in  the  hydrates  nSi02  •  mH20,  m  becomes  smaller  and 
smaller  than  n....  This  loss  of  water  proceeds,  in  the  natural  hydrates,  in  perfect 
sequence,  and,  so  to  speak,  imperceptibly,  until  n  becomes  incomparably  greater 
than  m". 

The  transition  can  be  so  gradual  only  with  a  considerable  value  of  n,  and 
therefore...  "the  structure  of  silica  is  polymeric,  complex,  instead  of  simple,  as 
it  is  expressed  by  its  empirical  formula"...  "it  is  necessary  to  explain  the 
ability  of  (Si02)n  to  combine  with  (RO),^,  where  n  may  be  more  than  m  and  R  *  H2. 

To  explain  this  the  facts  obtained  in  the  study  of  organic  substances,  more 
specifically,  originally  with  respect  to  glycol,  have  been  very  useful". 

Mendeleyev  gives  an  example  of  the  intermolecular  condensation  of  glycol  into 
polyglycols  by  the  following  mechanism:  HOC2H4OH  ♦  HOC2H4OH  -  HOC2H4OC2H4OH  ♦  H2O, 
and  writes  the  general  formula  of  polyglycols  as  An  .  H2O,  where  A  is  the  dehydrated 
residue  of  ethylene  oxide  [0C2H^]. 

In  comparing  the  processes  of  formation  of  polyglycol  and  silica  gel, 

Mendeleyev  writes; 

"The  relation  between  the  hydrate  of  silica  and  silica  is  the  same..,.  To  the 
normal  hydrate  of  silicon  Si(OH)^  there  must  correspond  several  polyhydrates  (Si02)n 
(HjOJm,  where  n  may  be  very  great". 

From  these  quotations  it  will  be  rather  clear  that  Mendeleyev  imagined  the  de¬ 
hydration  of  orthosilicic  acid  as  a  process  of  intermolecular  condensation  with  the 
formation  of  high  molecular  polysiloxane.  Such  a  view  in  the  1850* s  and  1860*s  was 
so  new  that  it  met  neither  support  nor  understanding  among  scientists  from  the 
1860»s  to  the  1890*s.  It  was  only  in  1892  that  Stock* a  paper  (Bibl.8a)  was  publish¬ 
ed,  in  which  the  polymer  (ClpSiO)n  is  considered  as  a  polysiloxane,  the  author  hav¬ 
ing  reached  this  conclusion  on  its  structure  on  the  basis  of  Mendeleyev* s  views. 

The  condensation  of  the  hydroxyl  derivatives  of  silica  into  polysiloxanes  is 
today  an  established  fact.  The  condensation  of  the  hydrolysates  of  silicon  tetra- 
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chloride  proceeds  at  a  considerably  higher  velocity  than  the  condensation  of  the 
hydroxylsilanes  I^Si(OH)^n,  and  leads  to  the  formation  of  end  products  of  more  com¬ 
plex  structure.  These  differences  naturally  operate  to  complicate  materially  the 
studies  of  the  course  of  the  reaction,  and  therefore  the  studies  of  the  initial  pro¬ 
ducts  of  the  hydrolysis  of  silicon  tetrachloride  and  of  the  products  of  their  con¬ 
densation  are  all  very  recent  (Bibl.9).  The  results  of  this  work  show  that  this 
process,  with  insufficient  water,  takes  place  by  a  mechanism  analogous  to  that 
established  by  me  in  1938  for  the  hydrolysis  and  condensation  of  the  hydrolysates  of 
the  substituted  esters  of  orthosilicic  acid.  This  mechanism  is  today  generally 
accepted  to  explain  the  condensation  of  all  hydroxyl-containing  organic  derivatives 
of  silicon. 

To  explain  the  mechanism  of  the  process  and  to  obtain  the  maximum  yields  of  the 
initial  products  of  hydrolysis  and  condensation,  the  mildest  conditions  of  conduct¬ 
ing  the  hydrolysis  reaction  were  selected. 

The  hydrolysis  of  an  ethereal  solution  of  silicon  tetrachloride  by  aqueous 
ether  at  -75°C  leads  to  the  formation  of  only  snail  quantities  of  hexachlorodisilox- 
ane  Cl^SiCSiCLj.  Polysiloxanes  that  can  be  distilled,  and  which  form  gels,  are 
mainly  formed,  however. 

By  the  action  of  ice  ground  to  powder  on  an  ethereal  solution  of  SiCl/,,  as  much 
as  ll£  of  hcDcachlorcdisilaxane,  together  with  other  initial  condensation  products, 
could  be  isolated. 

We  now  present  the  techniques  of  a  few  of  the  most  successful  experiments. 

Hydrolysis  of  silicon  tetrachloride  by  ice.  A  solution  of  100  ml  of  silicon 
tetrachloride  in  150  ml  of  ethyl  ether  is  cooled  to  -75°C,  after  which,  with  stir¬ 
ring,  6.4  g  of  ice  ground  to  powder  and  cooled  to  -75°C  are  gradually  introduced 
into  the  SiCl^  solution  (ratio}  0.84  mol  H2O  to  2  mols  SiCl/,).  The  introduction  of 
the  ice  takes  an  hour,  after  which  the  reaction  mass  is  held  for  an  hour  at  -75°C, 
and  is  then  gradually  brought  up  to  room  temperature.  The  reaction  product  is  dis- 
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tilled  at  atmospheric  pressure  to  150°C  and  then  in  vacuo  at  a  reduced  pressure  of 
12  nan  Hg.  The  fraction  collected  from  several  experiments  are  combined  and  redis¬ 
tilled.  The  following  content  of  the  initial  products  of  hydrolysis  was  found  in 
the  reaction  products! 

Boiling  Point  Yield 
°C  % 


Hexachlorodisiloxane  Cl^SiOSiClj  •  .  .....  135  11 

Octachlorodisiloxane  Cl-jSiOBiClgOSiCl^ .  184  2.2 

Decachlorotetrasiloxane  Cl^iOCSiCljOjjjSiC^  .....  205  0.4 


The  method  of  hydrolysis  by  the  action  of  hydrated  inorganic  salts  on  an  ether 
solution  of  silicon  tetrachloride  proved  considerably  more  convenient.  In  this 
case,  even  when  the  reaction  is  conducted  at  room  temperature,  the  uncondensed  ini¬ 
tial  product  of  hydrolysis,  trichlorohydroxysilane  Cl^iOtf*,  can  be  isolated. 

The  best  results  are  obtained  on  reaction  with  nickel  chloride  hexahydrate 
NiClj-6H,0. 


Hydrolysis  of  silicon  tetrachloride  in  presence  of  hydrated  salts.  Into  a 
solution  of  100  ml  of  SiCl^  in  50  ml  of  ether  at  room  temperature,  without  stirring, 
19.7  g  of  copper  sulfate  CuSO^  •  5H2O  is  introduced  (molar  ratio  SiCl^  x  HjO  * 

2  x  0.93);  the  mixture  is  allowed  to  stand  for  8  days  and  is  then  distilled  under 
atmospheric  pressure.  The  fraction  boiling  at  100  -  130°C  (amounting  to  5.2£)  and 
mainly  consisting  of  trichlorohydroxysilane  (pp.  110  -  120°C)  is  collected. 

To  a  solution  of  150  ml  of  SiCl^  and  50  ml  of  ether  at  room  temperature,  24  g 
of  NiCl^  .  6H2O  is  added  under  stirring  (molar  ratio  SiCl^  x  H2O  »  2  x  0.12).  After 
distillation  of  the  reaction  product,  the  fraction  boiling  at  100  -  130^0  is 
collected,  and  yields  on  redistillation  3  g  of  trichlorohydroxysilane  (boiling  point 


Trichlorohydroxysiloxane  had  previously  been  obtained  by  photochemical  oxida¬ 
tion  of  trichlorosilane  (Bibl.10). 
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no  -  1200). 

Trichlorohydroxysilane  condenses  spontaneously;  thus,  after  standing  at  room 
temperature  for  4  days,  about  83 %  of  the  original  quantity  passes  over  up  to  130°C, 
while  after  14  days,  only  27^  passes  over.  Ch  heating  trichlorohydroxysilane  with 
P2CI5,  it  is  quantitatively  converted  to  hexachlorodisiloxane  (boiling  point  135°C). 

On  the  action  of  NiCl2  •  6^0  on  a  solution  of  SiCl^  at  0°C  (molar  ratio 
SiCl^  :  H20  *  from  2:1  to  2:2)  in  a  series  of  experiments,  a  mixture  containing 
the  following  quantities  of  condensed  hydrolyzates  was  obtained. 

Boiling  Point  Yield 


°C  % 

Hexachlorodisiloxane  C^SiOSiClj . 135  3.7 

Octachlorotrisiloxane  Cl^SiOSiC^OSiCl^ .  184  4.8 

Decachlorotetrasiloxane  C^SifOSiC^^OSiC^  ...  205  1.23 

Pentachlorohydroxydisiloxane  Cl^SiOSiC^OH  ....  175-176  0.26 


The  reaction  of  an  ether  solution  of  silicon  tetrachloride  with  cobalt  and 
nickel  hydroxides,  dried  at  170  -  180°C,  and  with  sodium  carbonate  decahydrate 
Na2C03  .  IOH2O  proceeds  similarly.  In  these  cases  the  yield  of  trichlorohydroxysil¬ 
ane  and  pentahydroxysilane  is  somewhat  increased. 

The  linear  chloropolysiloxanes  of  higher  molecular  weight  have  very  recently 
been  prepared  by  the  following  technique* 

Hydrolysis  of  silicon  tetrachloride  in  ether  solution  at  low  temperature.  An 
ether  solution  of  SiCl^  is  cooled  to  -78°C  and  placed  in  a  burette,  and  is  then 
rapidly  poured,  under  vigorously  stirring,  into  a  mixture  of  water  and  ether.  On 
contact  with  the  cold  solution,  all  the  water  immediately  freezes,  and  the  hydroly¬ 
sis  is  probably  effected  by  the  ice.  The  reaction  product  is  then  gradually  warmed 
to  room  temperature,  after  which  it  is  a  transparent  colorless  liquid  completely  or 
almost  completely  free  of  a  silica  gel  precipitate.  The  hexachlorodisiloxane  and 
the  unreacted  SiCl4  are  distilled  off  under  atmospheric  pressure,  and  the  residue  is 
carefully  reactified  under  a  reduced  pressure  of  15  mm.  In  a  series  of  experiments 
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SiCl4 

run  at  molar  ratio  — —  from  2  to  10  and  with  0.5  to  6  mols  of  ether  to  1  mol  of 

h2° 

SiCl4,  a  mixture  was  obtained  from  which  the  following  linear  polychlorosiloxanes , 
together  with  the  unreacted  SiCl4,  were  separated  and  investigated. 


Boiling  Point 
°C 

Yield,  %  of 

Weight  of 

Polychlorosilanes 

Separated 

Cl3SiOSiCl3  . 

134  (760  mm) 

50.7 

Cl3Si(0SiCl2)0SiCl3  .  .  . 

80.5  (15  nm) 

19.6 

Cl3Si(OSiCl2)20SiCl3  .  . 

114.7  (15  mm) 

12.5 

Cl^Si (0SiCl2 )30SiCl3  .  . 

140  (15  mm) 

7.8 

Cl3Si(OSiCl2)406iCl3  .  . 

166-167  (15  nm) 

5.5 

Cl3Si(OSiCl2)5OSiCl3  .  . 

187-188  (15  nm) 

3.9 

The  residue  (175  g  of  substance),  consists  of  high  boiling  products  with  boil¬ 
ing  point  over  190°  (at  15  mi). 

No  cyclical  condensation  products  were  found  in  the  reaction  mixture. 

The  solvent  plays  a  very  important  role  in  the  establishment  of  the  mildest 
conditions  of  hydrolysis.  Various  investigators  have  noted  that  only  the  use  of 
ethyl  ether  or  diox&ne  makes  it  possible  to  obtain  and  isolate  a  sufficient  quantity 
of  the  intemediate  reaction  products.  To  elucidate  the  role  of  the  solvent  in 
establishing  mild  conditions  of  hydrolysis  at  low  temperatures,  the  influence  of  the 
quantity  of  solvents  used  on  the  course  of  hydrolysis  were  studied. 

The  yield  of  hcooachlorodisilaxane  was  used  as  the  criterion  for  evaluating  the 
results  of  the  experiment.  This  substance  is  a  product  of  hydrolysis  which  can  be 
more  easily  isolated  in  the  pure  state  than  the  other  products  (in  addition,  its 
content  in  the  mixtures  can  be  rather  accurately  calculated  from  the  data  of  the 
elementary  analysis). 

The  theoretical  yield  of  hexachlorodisiloxane  may  be  calculated  on  the  basis  of 
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the  statistical  equation  of  Stock  and  Meyer  (Bibl.12).  This  equation,  which  enables 
us  to  calculate  the  distribution  of  molecules  of  definite  sizes  in  polydisperse  mix¬ 
tures,  is  based  on  the  assumptions  that  only  linear  molecules  are  foraed  and  that 
all  functional  groups  have  the  same  activity,  which  is  obviously  sufficiently  cor¬ 
rect  for  the  system  under  consideration* 


The  application  of  the  Stock-Meyer 
equation  makes  it  possible  to  deduce 
the  following  relation: 


|Si..oci,l 

fTTT’M 


ISiCUl 
- '  |ll*0|" 


Fig.2  -  Relation  between  Yield  of 
Si^gOCl^  and  Molar  Ratio  of  Ether  to 
Water 

a)  Molar  ratio  :  H2O} 

b)  Yield  of  Si20Cl^  in  %  of  calculated 

culated  yield,  the  percentage  yield  strongly  varying  with  the  relative  proportion  of 
ethyl  ether.  The  lowering  of  the  percentage  yield  is  found  to  be  a  regular  function 
of  the  molar  ratio  (Fig.2). 

It  has  not  been  possible  to  establish  the  relation  between  the  yield  and  the 
molar  ratio  »  since  the  results  are  entirely  different,  and,  apparently, 

random.  This  gives  us  reason  to  suppose  that  the  presence  of  ether  makes  the  con¬ 
ditions  of  hydrolysis  milder,  not  as  a  result  of  some  reaction  with  silicon  tetra¬ 
chloride,  but  owing  to  a  reaction  with  water.  This  hypothesis  is  supported  by  the 
fact  that  silicon  tetrachloride  forms  no  coordination  compounds  with  simple  ethers 
(Bibl.13)*  The  results  of  the  experiments  in  the  elucidation  of  the  influence  of 
ethyl  ether  on  the  process  of  hydrolysis  may  be  explained  on  the  basis  of  the 


whence,  at  a  given  molar  ratio  |n,0|  » 
the  concentration  of  hexachlorodisilox- 
ane  can  always  be  more  or  less 
accurately  calculated.  In  practice, 
the  yield  of  hexachlorodisiloxane  is 
usually  found  to  be  lower  than  the  cal- 
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following  hypothesis. 

The  oxoniua  compound: 

(C*IIt)*0  +  IICI  ■■  (CtHskO-HC! 

fomed  by  ether  and  HC1  is  capable  of  reaction  with  water  at  a  low  temperature: 


(C,Hs),O.Hr.|  +  n50=  (C5H40)illCI!IaO 


The  structure  of  the  unstable  compound  so  obtained  may  be  represented  on  the  basis 
of  the  following  mechanism: 


llSC; 

ll,(V 


V>+  iici 


H.Q 

HeCe 


>8/ 

Q- 


H 


+  UjO  — 


/Q/ 
Cl-  - 

"*/a- 


HjC. 


II 

O 

/ 

II  II 


The  compound  so  obtained  has  one  active  hydrogen  atom  which  reacts  with  the 
chlorine  atom  in  SiCl^  more  easily  than  the  hydrogen  atom  of  water  does: 

(C*M»)aO  lljO  HCI  i  CISiCI,  -  CI,SiOH  •)•  (Ql^iO-liCI  -j-  IICI 

or 


II  o 
•  i»i-i\  +  /  /' 

>o/  II  II  +CISiCl3 

I  lj<4 

Cl 


ll»c,  *  II 

>  iiosici,  -t- 1  k:i  -j-  >) 

i \jcy 

cr 


The  molecules  of  trlchlorohydroxysilane  then  either  interact  with  each  other  or  re¬ 
act  with  SiCl^  to  fora  hexachlorodisiloxane. 

The  decrease  in  the  yield  of  hexachlorodisiloxane  with  increasing  number  of 
mols  of  ether  (by  comparison  with  the  number  of  mols  of  water)  may  be  explained  by 
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Such  a  compound  may  play  the  role  of  a  bifunctional  compound  encouraging  the 
formation  of  high-polymer  products  in  quantities  larger  than  the  statistical,  and, 
consequently,  reducing  the  practical  yield  of  hexachlcrodisiloxane  below  the  calcu¬ 
lated  level. 

Diaxane,  probably,  reacts  according  to  an  analogous  mechanism.  Other  solvents 
do  not  enter  into  reaction  like  those  just  discussed,  and  thus  their  use  does  not 
encourage  the  softening  of  the  conditions  of  hydrolysis  to  so  significant  an  extent. 

The  hydrogen  chloride  formed  during  hydrolysis  apparently  catalyzes  the  conden¬ 
sation  process.  This  is  confirmed  by  the  fact  that  when  the  hydrolysis  is  run  in 
the  presence  of  neutralising  substances  (hydroxides  of  metals  or  sodium)  a  large 
quantity  of  hydroxysilanes  are  formed,  while  in  the  case  of  the  saturation  of  the 
solution  by  HC1  before  hydrolysis,  the  process  leads  to  the  formation  of  insoluble 
polymers. 

It  must  be  noted  that  when  an  insufficient  quantity  of  water  acts  under  mild 
conditions  on  a  solution  of  SiCl^,  a  mixture  consisting  of  linear  polychlorosiloxanes 
ClaSi  (OSiCL^OSiCI.,  ,  and  lower  hydroxy  derivatives  containing  not  more  than  one 
hydroxyl  group  to  the  silicon  atom  is  formed;  cyclic  condensation  products  have  not 
been  found.  This  gives  us  reason  to  consider  that  the  process  of  hydrolysis  of 
SiCl^  proceeds  according  to  a  mechanism  analogous  to  that  of  the  hydrolysis  of 
alkylchlorosilanes  and  the  substituted  ethers  of  orthosilicic  acids. 

In  the  general  form,  the  hydrolysis  of  silicon  tetrachloride  may  be  represented 
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by  the  following  diagram! 


CI.SIOH 


u  siosiu 


y 

N.OCI, 


Cl, Si 
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The  arrows  pointing  from  left  to  right  schanatically  denote  the  reaction  of 
hydrolysis  at  the  Si-Cl  bond: 


—si -a  iu) 


si— oh  -  na 


The  vertical  arrows  indicate  the  processes  of  condensation: 

1  1,1 

-Si  -OH  +  IIO-Sl-  at —Si  -O-Si-  +  HgO 

I  ' 

The  combination  of  these  two  processes  leads  to  the  formation  of  the  most  varied 
polychlorosiloxanes,  polyoxychlorosiloxanes,  polyoxysiloxanes,  and,  as  the  end  pro  ¬ 
duct ,  high-molecular  polysiloxane  (Si02)x. 

The  ratio  between  the  velocities  of  the  processes  of  hydrolysis  and  condensa¬ 
tion,  and  consequently  the  formation  of  these  or  those  intermediate  products  of 
hydrolysis,  depends  on  a  number  of  factors!  the  ratio  between  the  amounts  of  sili¬ 
con  tetrachloride  and  water,  the  acidity  of  the  medium,  the  temperature,  the  rate  ol 
stirring,  the  presence  of  solvents  and  of  salts  that  bind  water,  etc.  It  is  not  at 
the  present  time  possible  to  evaluate  completely  the  influence  of  all  these  factors. 

In  running  a  hydrolysis  with  insufficient  water,  the  above  discussed  reaction 
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of  SiCl^  proceeds  with  the  formation  of  the  following  intermediates 


SiCI*  +  11,0  =C!3SiOH  +  lia 
elusion  +  nosicij  =  cijSiOSiCi,  +11.0 
a3Siosici3  + 1  i,o  =  a,SiosiCi,OH  + 1  ia 
CI3SiOSjCI2OH  +  CUSiOl  I  -  Cl.SiOSiCUOSiClr,  4-  M.O  etc. 

with  the  formation  of  linear  or  branched  polychlorosiloxanes.  It  should  be  borne  in 
mind,  however,  that  the  reaction  mixture  was  separated  at  a  high  temperature  (100  - 
200°C),  without  using  a  high  vacuum. 

It  is  entirely  probable  that,  during  the  course  of  the  reaction,  a  large  quan¬ 
tity  of  hydroxyl-containing  compounds  are  formed,  for  example  (0H)Cl;^i-0-SiCl2(0H), 
which  are  condensed  at  high  temperatures,  as  a  result  of  which  siloxanes  are  the 
main  products  formed . 

The  reaction  between  silicon  tetrachloride  and  a  considerable  excess  of  water 
in  a  weakly  acid  medium  proceeds  in  an  entirely  different  way.  This  reaction  has 
been  investigated  in  detail  by  Willstatter  (Bibl.14)  who,  in  order  to  prepare  solu 
tions  of  orthosilicic  acid,  studied  in  detail  the  hydrolysis  of  silicon  tetrachlor¬ 
ide  and  of  the  subsequent  condensation  of  the  hydrolysis  products.  He  established 
that  this  process  can  be  represented  in  the  fora  of  the  reactions: 


SiCI,  +  ll,0^(  l,Si(0ll)  T-  11(1 
U,SiOi;  +  11,0=  ClsSi(Oi  I)2  +  HU 

<  i-Si(OH),  + 140  =  ciSi(OH),  + 1  iu 
asi(Ofi),  +  140 si(OH)«  + 1  iu 
( i  iOj,SiOH  -f  UOSi(OH),  =  (I  IO),SiOSi(OH),  +  11,0 
iIIO)3SiUSi(OII)3  +  ll()Si(OH)3  =-(HO),SiOSi(OH)^Si(OH),-Hi4)  «U. 


As  a  result  of  these  reactions  linear  and  branched  hydroxylpolysiloxanes  of 
increasing  molecular  weight  are  foraed. 
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The  basic  factor  affecting  the  velocity  of  condensation  of  hydroxy silanes  in 
dilute  aqueous  solutions,  according  to  Willstatter* s  data,  is  the  acidity  of  the 
medium  (the  concentration  of  HC1).  If  the  pH  of  the  solution  is  held  within  the 
limits  of  2  -  4,  it  is  apparently  possible  to  obtain  dilute  solutions  of  ortho- 
silicic  acid  even  in  the  absence  of  a  solvent,  and  at  a  relatively  high  reaction 
temperature  (0°C).  A  method  of  preparing  dilute  solutions  of  orthosilicic  acid  is 
given  below. 

Preparation  of  dilute  solutions  of  orthosilicic  acid.  A  thoroughly  dried  inert 
gas  or  air  is  bubbled  through  a  weighed  portion  of  silicon  tetrachloride  (12.5  g), 
placed  in  an  evaporating  flask,  heated  in  a  water  bath  (at  60  -  65°C).  The  vapor  of 
SiCl^,  entrained  by  the  current  of  gas,  is  passed  over  a  layer  of  a  vigorously  stir¬ 
red  mixture  of  water  and  ice.  If  the  process  is  perforated  with  the  object  of  ob¬ 
taining  a  polymeric  product,  without  neutralization,  then  the  vapor-gas  mixture,  to 
avoid  clogging  the  capillary,  must  be  introduced  through  a  mercury  seal.  To  obtain 
a  solution  of  orthosilicic  acid,  the  vapor  is  passed,  through  a  capillary,  directly 
into  water.  The  process  is  conducted,  neutralizing  the  HC1  given  off  by  wet  silver 
oxide,  which  allows  holding  the  pH  of  the  solution  within  the  optimum  range,  thereby 
preventing  gelation.  The  mixture  of  gas  and  SiCl^  vapor  is  introduced  under  a  layer 
of  vigorously  stirred  mixture  of  water  and  ice  (750  g  in  all).  The  glass  vessel  is 
cooled  by  brine  from  outside  to  hold  the  taaperature  at  O^C  until  the  end  of  the 
experiment.  Simultaneously  with  the  beginning  of  the  passage  of  the  vapor  into  the 
cylinder,  a  paste  of  wet  silver  oxide  obtained  by  precipitation  from  50  g  of  silver 
nitrate  is  introduced.  The  process  of  introducing  the  SiCl^  takes  20  -  30  minutes; 
at  the  end  of  the  reaction  the  brown  color  of  silver  hydroxide  disappears,  since  its 
quantity  is  insufficient  for  complete  neutralisation  of  the  HC1.  The  acidity  is 
then  strictly  checked  and  adjusted  by  adding  silver  oxide  paste  to  reaction  mixture. 
Toward  the  end  of  the  experiments  the  concentration  of  HP1  is  adjusted  to  within  the 
range  from  0.01  to  0,001  N.  The  reaction  product  is  subjected  to  suction  on  a  Nutch 
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filter  through  a  layer  of  activated  charcoal.  The  completely  transparent  filtrate 
(800  ml)  contain  3*67  -  3.78  mg  of  SiOg  in  10  ml  of  solution,  which  corresponds  to  a 
yield  of  80Jf  of  the  theoretical  yield  of  the  hydrolysis  product. 

Owing  to  the  presence  of  orthosilicic  acid,  the  pH  of  the  solution  exceeds  the 
value  corresponding  to  the  concentration  of  HC1.  Thus  a  solution  with  0.01  N  HC1 
has  a  pH  ■  2.5  instead  of  2.  The  cryoscopic  determination  of  the  molecular  weight 
of  the  hydrolysis  product  in  this  solution  gives  the  value  of  75.  In  the  most  suc¬ 
cessful  experiment,  the  reaction  product  was  characterized  by  the  following  data: 

Concentration  of  HC1  .  .  -i-N. 

700 

pH  of  Solution  . . .  3.4 

Si02  Content  . . . .  0,5% 

Molecular  Weight  (in  Terms  of  Si(^)  ...  62 

Thus  the  possibility  of  preparing  orthosilicic  acid  in  dilute  aqueous  weakly 
acid  solution  must  be  considered  to  have  been  demonstrated. 

The  solutions  prepared  by  this  method  contain  an  insignificant  quantity  of  HC1 
(1  mol  HC1  to  10  -  100  gram  atoms  of  silicon).  Moreover,  in  the  author's  opinion, 
an  insignificant  number  of  chlorine  atoms  remain  bound  to  the  silicon  (probably  in 
the  form  of  ClSi(OH)^,  since  on  neutralisation  to  the  faint  yellowing  of  a  solution 
containing  methyl  red,  the  red  color  of  the  solution  is  restored  again  after  15  -  20 
sec,  this  phenomenon  being  repeated  until  the  complete  neutralization  of  all  the 
chlorine. 

Willstatter  studied  in  detail  the  process  of  condensation  at  room  temperature 
of  dilute  solutions  of  ortho silicic  acid  at  various  pH  values.  The  results  of  the 
study  (Fig  .3)  indicate  the  relative  stability  of  the  solutions  at  HC1  concentrations 
from  0.01  N  to  0.001  N.  Thus,  for  example  the  molecular  weight  of  the  lowest  mole¬ 
cular  preparation  rises  in  4&  hours  after  the  experiment  from  62  to  only  67,  while 
to  accomplish  the  first  stage  of  the  condensation  by  the  formula 
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•iSifOlh, .  (I  l())3Si0Si(01 1):,  4-  II..I ) 


about  days  are  necessary.  It  is  interesting  to  note  that  for  a  given  solvent 

(acidity  of  HC1  — - —  N)  the  curve  of  variation  of  molecular  weight  with  time 
700 

(curve  4)  has  an  inflection  at  the  point  approximately  corresponding  to  the  forma¬ 
tion  of  the  initial  condensation  products  by  the  reaction  given  above,  which  may 
point  to  the  relatively  low  velocity  of  condensation  with  the  second  hydroxyl  group 
by  comparison  with  the  velocity  of  condensation  with  the  first  OH  group.  At  other 
values  of  the  acidity,  this  phenomenon  is  not  observed,  and  thus  the  product  of  con¬ 
densation  here  is  a  polydisperse  mixture  of  hydroxypolysiloxanes. 

According  to  the  author* s  data,  the  acidity  has  considerably  greater  effect  on 
the  stability  of  monomeric  orthosilicic  acid  than,  for  example,  on  the  stability  of 


by 

r 

0  20  40  60  60  WO  WO  >■ 40  WO  '6/1 

a) 

Fig. 3  -  Degree  of  Condensation  of  Dilute 
Solutions  of  Orthosilicic  Acid  vs.  Dura¬ 
tion  of  Condensation  and  Acidity  of  the 

Medium 

1  -  1/70  N  HC1;  2  -  1/125  N  HC1; 

3  -  1/625  N  HC1;  4  -  1/700  N  HC1; 

5  -  1/1000  N  HC1 

a)  Time  of  condensation,  hours; 


the  initial  condensation  product 
(HOjjSiGSifOH^  which  can  be  maintained 
for  a  certain  length  of  time  in  0.5  N 
HC1  solution.  Dilute  aqueous  solutions 
of  orthosilicic  acid  and  the  initial 
products  of  its  condensation  in  a 
weakly  alkaline  medium  (ammonia  solu¬ 
tion)  and  in  a  solution  of  amonium 
chloride  were  found  to  be  the  least 
stable. 

The  rate  of  condensation  of  ortho¬ 
silicic  acid  in  dilute  weakly  acid 
solutions  is  considerably  slowed  after 
reaching  a  degree  of  condensation  equal 
to  6. 


b)  Degree  of  condensation 


As  for  the  processes  of  further 
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condensation,  it  is  not  possible  today  to  give  an  exact  picture  of  them.  The  dia¬ 
gram  on  page  86  merely  shows  that  the  process  of  condensation  leads  to  the  formation 
of  cross-linked  and  three-dimensional  structures  and,  ultimately,  to  high-molecular 
three-dimensional  polysiloxane  (Si02 )x. 

The  two  examples  of  the  conduct  of  the  hydrolysis  reaction  discussed  above,  the 
action  of  a  minimum  quantity  of  water  under  mild  conditions,  and  in  dilute  aqueous 
solutions  using  neutralization,  both  constitute  stepwise  processes  which  proceed 
almost  according  to  the  theoretical  mechanism.  In  practice,  when  the  hydrolysis  re¬ 
action  is  run  either  with  silicon  tetrachloride  or  with  esters  of  orthosilicic  acid 
and  alkyl- (aryl )-chloro silanes,  the  process  may  proceed  in  the  most  varied  direc¬ 
tions.  The  compounds  (intermediate  products)  so  formed  may  contain  various  numbers 
of  hydroxyl  groups  or  chlorine  atoms,  may  have  various  siloxane  chain  lengths,  may 
possess  a  linear,  cyclic,  or  three-dimensional  structure,  etc.  The  formation  of 
these  or  those  intermediate  products  depends  on  the  ratio  between  the  reaction  velo¬ 
cities  of  hydrolysis  and  condensation.  The  end  product  of  hydrolysis,  silica  gel, 
however,  is  in  all  cases  a  high  molecular  hydroxypoly siloxane. 

According  to  WiUstatter  (Bibl.14),  the  gel  obtained  by  means  of  the  hydrolysis 
of  silicon  tetrachloride,  after  centrifuging,  contains  about  15%  of  water  bound  to 
the  silicon  atoms  in  the  form  of  hydroxyl  groups  or  adsorbed  by  the  active  surface 
of  the  gel.  On  the  spontaneous  condensation  of  the  gel  under  water,  equilibrium  is 
established  in  about  three  months,  with  the  gel  containing  11.45^  of  bound  water. 

The  adsorptive  properties  of  the  gel  vary  considerably  according  to  the  method  of 
hydrolysis;  thus,  for  example,  the  gel  obtained  by  hydrolysis  in  alkaline  medium 
contains  21,8%  of  bound  water  in  its  initial  state. 

The  main  factor  determining  the  number  of  free  hydroxyl  groups  in  the  end  re¬ 
action  product,  when  the  hydrolysis  is  run  under  ordinary  conditions,  is  the  reac¬ 
tion  temperature.  The  compounds  obtained  on  the  reaction  of  silicon  tetrachloride 
with  water  at  an  elevated  temperature  contains  a  smaller  number  of  free  OH  groups; 
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but  if  the  hydrolysis  is  conducted  in  the  vapor  phase  at  a  temperature  of  the  order 
of  500°C,  the  reaction  product  is  crystalline  silicon  dioxide. 

SiCI,  -j  2aI l,.< )  -  (Si( )J)l  t.vl k ;i 

The  silica  gel  obtained  under  ordinary  conditions  gradually  undergoes  condensa¬ 
tion  in  air;  the  molecular  weight  increases,  and  the  number  of  free  OH  groups  as 
well  as  the  quantity  of  adsorbed  water  decreases;  the  structure  of  such  a  gel  has 
been  studied  by  washing  away  the  water  with  acetone  (Bibl.15).  The  authors  reached 
the  conclusion  that  hydrated  silicas,  for  example  28102  •  H2O,  could  be  prepared. 

In  view  of  the  fact  that  the  products  so  formed  are  a  polydisperse  mixture  of 
high-molecular  compounds,  we  consider  it  very  improbable  that  molecules  could  be 
formed  with  so  simple  a  ratio  between  the  number  of  silicon  atoeis  and  the  number  of 
free  hydroxyl  groups  or  the  quantity  of  adsorbed  water. 

The  spontaneous  condensation  of  silica  gels  in  air  leads  to  a  considerable  de¬ 
crease  in  the  quantity  of  bound  water  (Bibl.16);  at  room  temperature  a  product 
corresponding  to  the  empirical  formula  lOSiOj  •  H2O  may  be  obtained.  The  remaining 
hydroxyl  groups  am  bound  very  firmly,  and  are  not  rmnoved  even  at  a  temperature  of 
300  -  400°C.  The  process  of  condensation  is  completed  only  at  lOOO^C.  In  this  case 
the  silica  gel  passes  over  into  the  crystalline  state  and  completely  loses  its 
adsorptive  properties. 

The  reaction  between  silicon  tetrachloride  and  water  cannot  be  represented  by 
any  single  chemical  formula.  In  considering  the  mechanism  of  the  process,  the  whole 
group  of  possible  reaction  must  be  borne  in  mind.  For  simplification  it  is  advis¬ 
able  to  represent  the  aggregate  of  the  processes  of  hydrolysis  and  condensation  of 
the  hydrolysis  products  by  the  following  arbitrary  system: 

SiCI,  +  •_>!  1/ )  |Si(OHl«l  +  4H<.! 

But  such  a  formula  indicates  only  the  principal  direction  of  the  reaction  toward  the 
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hydrolysis  of  all  four  chlorine  atoms  and  the  formation  of  silica  gel*  It  must  be 
borne  in  mind  that,  in  reality,  as  shown  above,  the  process  takes  a  considerably 
more  complex  course. 

Reaction  of  Silicon  Tetrachloride  with  Various  Organic  and  Inorganic  Compounds 

Silicon  tetrachloride,  as  a  acid  chloride,  readily  reacts  with  compounds  con¬ 
taining  a  free  hydroxyl  group*  The  reaction  of  SiCl^  with  organic  compounds,  da¬ 
pending  on  the  number  of  OH  groups,  their  mobility,  and  the  molecular  structure  of 
the  organic  compound,  may  proceed  in  two  entirely  different  directions: 

1*  Replacement  of  chlorine  by  an  OH  group: 

I 

Si-  i  I  -j-  I  It  >-  -( : - *  — Si— ( >1 1  4.  t  I— (  _ 

I  I 

In  this  case  the  molecule  of  the  organic  compound  may  be  dehydrated: 

i  I 

Si  t  i4.n0  t:  - *  — Si—  -» >1 1  +  1  it  1  —  <  _ 

.  IK  *  t 

I 

Similar  transformations  may  take  place  not  only  with  compounds  containing  (XI  groups 
but  also  with  other  oxygen-containing  compounds. 

2.  Formation  of  molecules  with  an  ether  bond: 

I  I 

Si-  t;i  4-  no-  c  - *  -  Si  - o  1 — ■■  il<  i 

In  this  way  the  reactions  of  the  first  type  lead  to  the  ultimate  formation  of  silica 
gel  and  a  modified  organic  derivative.  By  reactions  of  the  second  type  organosili- 
con  ethers  or  mixed  organosilicon  anhydrides  may  be  obtained.  Let  us  consider  these 
two  types  of  reactions. 
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Reactions  Leading  to  the  Formation  of  Silica  Gel 


Organic  acids,  on  reaction  with  an  excess  of  silicon  tetrachloride  fom,  under 
severe  conditions,  the  corresponding  acid  chlorides  and  silica  gel  (Bibl.17): 

SiCI,  -i-  1UCOOII  >  |Si(<)ll),|  -h  1KC<X  I 

Andrianov  and  Dolgopolov  (Bibl.18),  on  the  basis  of  a  reaction  of  this  type, 
have  developed  an  industrial  method  of  producing  benzoyl  chloride  from  SiCl^  and 
benzoic  acid.  The  yield  of  benzoyl  chloride  is  9535  of  theoretical.  Owing  to  the 
inexpensiveness  and  ready  availability  of  SiCl^  (by  comparison  with  such  chlorinat¬ 
ing  agents  as  PCI5  or  PCI3)  the  synthesis  of  organic  acid  chlorides  by  this  method 
is  of  considerable  interest. 

Tertiary  aromatic  alcohol  reacts  with  SiCl^  by  an  analogous  mechanism 
(Bibl.19): 


sici,  .  4(« *..1  !-.>,< :oi  1  >  |Si«>n>,| -*•  1 

When  isopropyl  alcohol  acts  on  SiCl^,  silica  gel,  propylene  and  isopropyl  chloride 
are  foraed  (Bibl.20).  Two  parallel  reactions  obviously  take  place: 


CH, 

SiCU  +  4  >01011 

CH,7 


-  >  |Si(OH),|  *  4 


CH, 
Cl  I, 


S>CHU 


(1) 


ai, 

biCI,  -r  4  >CHOH  —  >  |Si(Oi!),J  +  4CHS-GICH,  -r  4HCI 
CM.' 


(2) 


When  acetone  reacts  with  SiCl^,  silica  gel  and  a  number  of  compounds  from  which 
mesityl  oxide  can  be  obtained,  are  foraed  (Bibl.21): 

SiCI,  +  8(CH,)£0  —  -  (Si(OH)t)  +  4CH,COCH«C(CH,),  +  4IICI 
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Other  aldehydes  and  ketones  react  similarly 


Reactions  Leading  to  the  Formation  of  Esters  of  Orthoslllclc  Acid 

The  preparation  of  esters  of  orthosilicic  acid  by  the  reaction  of  SiCl^  with 
monohydric  alcohols  and  phenols  by  the  reaction 

SiCI4  +  4ROH  >  Si(OR)«+  4IICI  . 

is  one  of  the  processes  that  has  been  best  studied  and  most  used  in  practice* 

The  reaction  of  SiCl^  with  ethyl  alcohol  was  first  observed  by  Abelman 
(Bibl.22),  but  the  structure  of  the  products  obtained  was  elucidated  only  in  the 
1850* s  by  Mendeleyev  (Bibl.4,  23)*  The  velocity  of  reaction  depends  in  the  first 
place  on  the  activity  of  the  alcohol  or  phenol*  Methanol  reacts  at  room  tempera¬ 
ture,  at  a  velocity  close  to  the  velocities  of  inorganic  reactions,  and  the  replace¬ 
ment  of  chlorine  atoms  by  methoxy  groups  proceeds  to  completion*  Under  the  condi¬ 
tion  of  removal  of  the  HC1  by  blowing  dry  air  through  the  product,  the  process  can 
be  conducted  even  at  -ICPC  (Bibl.24).  Kalinin  (Bibl*25)  found  that  when  a  solvent 
is  used  the  reaction  proceeds  better,  and  the  yield  of  tetramethaxysilane  is  73%  of 
theoretical.  Ethyl  alcohol  reacts  somewhat  less  energetically.  The  ethyl, 
isobutyl,  allyl,  benzyl  and  cyclohexyl  esters  of  orthosilicic  acid  were  prepared 
(Bibl*26)  by  pouring  SiCl^  into  a  10 %  excess  of  the  corresponding  alcohol,  heating 
the  mixture  on  an  oil  bath  until  the  evolution  of  HC1  stopped,  and  then  neutralizing 
the  reaction  product  with  sodium  alcoholate.  By  a  different  method  (Bibl.26)  (in 
the  cold,  removing  the  HC1  with  a  current  of  dry  air,  the  ethyl,  butyl,  allyl, 
heptyl  and  octyl  esters  of  orthosilicic  acid  were  prepared* 

The  reaction  of  SiCl^  with  phenols  (Bibl.27)  is  considerably  less  vigorous  than 
even  with  such  alcohols  as  octyl*  Thus,  for  instance,  SiCl^  and  phenol  do  not  react 
for  1-2  hours;  and  this  reaction  can  be  completed  only  by  heating  the  mixture  to 
250°C. 

The  reaction  of  Si&4  with  insufficient  alcohol  or  phenol  leads  to  the  forma- 
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tion  of  chloro  esters: 


SiCl*  +  ROl  I  =  CIjSiOK  +  1 1C! 

UjSiOR  -I-  ROl  I  a*Si(OR)s  +  IK.I 
CUSifOR),  +  ROl  I  -- 1  :iSi|(  >R);l  -  l|(.| 

The  reaction  with  the  lower  aliphatic  alcohols  is  very  energetic.  As  found  by 
Kalinin  (Bibl.25),  the  yield  of  chloroesters  may  be  considerably  increased  by  the 
use  of  an  inert  solvent,  making  the  conditions  of  reaction  milder;  thus,  in  the  pre¬ 
sence  of  benzene  as  a  solvent,  butoxychlorosilanes  were  obtained  (Bibl.28) • 

A llyloxychloro silanes  (Bibl.24)  have  been  prepared  in  relatively  high  yield 
without  using  solvents. 

The  use  of  an  organic  base  to  neutralize  the  HC1  liberated  encourages  the  more 
quiet  course  of  the  reaction,  but  the  isolation  of  the  reaction  product  is  made  more 
difficult  by  the  formation  of  hydrochlorides.  When  pyridine  was  used  for  neutral¬ 
isation,  a  number  of  halo-esters  of  tert-butyl  and  tert-anyl  alcohols  were  prepared 
in  the  absence  of  a  solvent  (Bibl.29).  The  high  boiling  alcohols  and  phenols,  which 
react  with  SiCl^  less  actively  than  the  lower  aliphatic  alcohols,  fora  mono-  and 
di&lkoxy  chlorosilanes  in  good  yield  both  with  and  without  solvents.  The  process  is 
completed  after  a  short  heating  of  the  mixture  on  the  water  bath.  Wol*nov  (Bibl.30) 
prepared  hezyoxytrichlorosilane  (yield  12%),  dihexyloxydichlorosilane  (yield  41 .6£), 
octylaxytrichloro silane  (yield  60 $),  and  a  mixture  of  dioctyldichlorosilane  and  tri- 
o c tyloxyc hlo ro s ilane  (yields  28  and  22%)  by  this  method.  The  reaction  with  dodecyl 
alcohol  in  a  petroleum  ether  medium  takes  a  similar  course  and  leads  to  the  forma¬ 
tion  of  mono-,  di-,  and  tridodecyl  oxychlorosilAnes  (Bibl.31). 

Vol*nov  and  Kishelevich  (Bibl.32),  using  ethyl  ether  as  a  solvent,  prepared  a 
number  of  chloro- esters  of  thymol,  carvacrol  and  guiacol. 

Other  hydroxyl-containing  organic  compounds  react  similarly  to  simple  aliphatic 
alcohol  and  phenols.  Vol’nov  (Bibl.33)»  investigating  the  reaction  of  SiCl^  with 
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dihalohydrines  of  glycerine,  obtained  both  the  ester  of  orthoeilieie  acid: 


/  .ai:ci\ 

4((:i(:ii*),(;ii(>ii  i  sin,  «  Si  once  +  ina 

l  Vn/;iA 


and  the  di-  and  trihalo-esters: 


< :i  I.,BK:i IBrCI  l4OI  i  SiCI4  *  ClaSiOCI  ]./:i IBrCH.Br  +  I ICIJ 
<:i:1SiCX:il.(:ilBrCil.,Br  +  (:iljBK:ilBrCMiOII  =  ( ;isSi(OCH8CI  IBrCI  l5B*r)a  +  1ICI 


When  the  monomethyl  or  monoethyl  esters  of  glycol  act  on  SiCl4,  even  when  an 
excess  of  such  esters  is  used,  the  monochloro- ester  is  fomed  (Bibl.34): 

•<R(X:i  IjCI  Is()|  I  •+■  SiCI4  —  CISi(OCHjCH^)R)]  +  31  IQ 

On  prolonged  heating  of  the  mo  nomethyl  ester  of  glycol  with  SiCl4  to  complete 
removal  of  the  HC1  (Bibl.35),  the  full  ester  of  orthosilicic  acid  can  be  obtained. 

Ethylene  oxide  (Bibl.36)  reacts  with  SiCl^  without  forming  HC1: 

SiCI*  +  4C;HaCI  1,0  -  Si((XHiCI  l-CI), 

! _ [ 

The  reaction  is  completed  below  100°C.  The  yield  of  tetra-0-chloroethoxysilane  is 
13%  of  theoretical. 

Compounds  containing  two  OH  groups  react  differently,  depending  on  the  mobility 
of  the  OH  groups  and  the  distances  between  them.  Dolgov  and  Vol'nov  (Bibl.37), 
studying  the  reaction  of  SiCl4  with  dihydric  phenols,  found  that  hydroquinone  and 
resorcinol  react  with  two  molecules  of  SiCl4,  in  the  presence  of  an  excess  of 
SiCl4* 

2SiCI«  +  C,H*(OH)s  — .  CltSiOC,H«OSiCI,  +  2hCI 
while  pyrocatechol  reacts  with  only  one  molecule: 
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H0-/N1 


SiCI«  <+•.._  |  | - >  Cl-Sj/ 

s/ 


no— ! 


_/v 


4-  2HCI 


X/ 


Ethylene  glycol  reacts  somewhat  differently  (Bibl.38). 

The  first  of  the  OH  groups  is  replaced  by  chlorine: 

SiCU  +  4HOC,H«OH  —  -  >  [Si(OH)«]  4-  4CIC*H»OII 
The  second  OH  group  reacts  with  SiCl^  to  form  an  ester: 

4C1C|H|0H  4-  SiCl« - >  Si(OC*H4CI)«  4-  4HCI 

A  precipitate  was  separated  from  the  reaction  mixture,  and  the  author  assigned  the 
formula  HOOSiOC2H^OSiOOH  to  it*  At  the  present  time  the  fommtion  of  such  compounds 
is  considered  improbable*  From  our  point  of  view  there  are  more  grounds  for  postu¬ 
lating  that  in  this  reaction  a  high  molecular  hydroxypolysiloxane  is  formed,  a  con¬ 
siderable  part  of  whose  (XI  groups  are  etherized  by  the  unreacted  ethylene  glycol. 

It  is  most  probable  of  all  that  alongside  of  the  substitution  of  an  OH  group  of 
ethylene  glycol  by  chlorine 


Cl 

Cl — 4i — Cl  4-  IIOCtH«OII 

<ii 


Cl 


Cl  -Si— 011  4-  CIC,II,( )|| 

di 


a  condensation  reaction  also  takes  place;  here  halodisiloxanes  would  be  formed: 


a  a  a  ci 

I  I  II 

ci-  Si— oil  4- no— si— ci  >  ci— si- u— Si— a-,  no 

I  I  I 

Cl  Cl  C!  Cl 

and  a  partial  esterification  of  the  substances  foraed  would  take  place. 
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II  II 

Cl— Si — 0 — Si— i  .1  +  1IOC.H,OU  V  01-Si— <>— Si—  (xy  1,011  -f  MCI 

II  ’  II 

Cl  Cl  Cl  Cl 

The  water  formed  during  the  process  of  condensation  causes  hydrolysis  followed 
by  the  formation  of  hydrojgrpolysiloxane,  containing  the  ether  groups  which  are  more 
difficult  to  hydrolyze  than  the  chlorine  attached  to  the  silicon  atom: 

ci  ci 

|  lo— ii—  O— i ii— OC'..H«OI  I 

:  i 

Cl  Cl 


Benzyl  alcohol  (Bibl.39)  reacts  energetically  with  silicon  tetrachloride,  form¬ 
ing  benzyl  chloride,  silica  gel,  and  the  products  of  etherification*  As  stated 
above,  the  replacement  of  the  OH  group  in  benzyl  alcohol  by  chlorine  involves  the 
liberation  of  water  by  condensation  of  the  OH  groups  attached  to  the  silicon  atom. 
The  presence  of  water  in  the  reaction  mixture  has  the  result  that  only-  traces  of  the 
benzyl  ester  of  orthosilicic  acid  are  formed,  together  with  a  large  quantity  of  its 
polymeric  hydrolyzate. 

Analogous  phenomena  were  apparently  observed  by  Dolgov  and  7ol*nov  (Bibl.40)  in 
their  study  of  the  reaction  between  nitrophenols  and  SiCl^.  They  postulate  that 
this  reaction  takes  place  in  two  directions: 

SiCI,  +  4UOC,H«NO, >  Si(0C*H«N05)4  -f  4IICI  qj 

SiCI,  +  4HOQU,NOj - ►  4CIQH4NO5  +  (Si(OH)«J  (2) 

They  do  not,  however,  consider  that  this  course  of  the  reaction  has  been  proved* 
Their  description  of  the  reactions  allows  us  to  assume  that  polymeric  products  are 
also  formed* 

When  SiCl^  reacts  with  the  lower  organic  acids  or  their  anhydrides  wider  cer- 
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tain  conditions,  mixed  anhydrides  of  orthosilieic  acid  and  organic  acids  may  be  ob¬ 
tained* 

The  first  report  of  this  nature  was  made  by  Friedel  and  Ladenburg  (Bibl.41). 


SiCI«  !  •  4CH,COOH  —  >  Si(OCOC!l,)4  -t-  4I1CI 
SiCU  +  4(CH,CO)oO  —  *•  Si(OCOCH,)t  +  4CH,COCI 


Tetraacetcoqrsilane  is  a  crystalline  product  distilling  at  l48°C(5-6  am)*  Com¬ 
pounds  of  this  class  react  with  actreme  energy  with  water  forming  an  organic  acid 
and  [Si(0H)4]. 

When  alcohol  acts  on  tetraacetoxysilane,  ethyl  acetate  is  quantitatively 
formed; 


§i(OCOai,)«  +  4C,HtOll  -  >  (Si(OH,)«|  -)- 4CH^J(KX,H4 

The  formation  of  Si(0H)4  has  not  been  established;  it  is  most  probable  that 
there  is  a  reaction  of  substitution  of  the  acetoxy  groups  by  alkaxy  groups  according 
to  the  formula 


Si(<xrai:,)«  +  2ROII  >  Si(OGOCH,),(OR)  IIOCOCH, 

which  has  been  demonstrated  for  the  reaction  of  alkylacetaxysilanes  with  alcohols 
(Bihl.41a). 

K.D. Petrov  has  synthesised  silicobutyric  anhydride  (Bibl.42),  silicobenzoic 
anhydride  and  silicofozmic  anhydride  (Bibl*43)* 


StCI«  + -K:,l I»COOH  -  >  Si(OCaCjllT),  + 4IICI 

SiCU  +  4C,H,COOI  I  —  >  Si(OCOC,l  !,)«  +  4HCI 
SiCU  +  4HCOOH - ►  Si(OCOH)«  +  4110 


He  found  that  these  products,  like  the  anhydrides  and  acid  chlorides,  can  enter  into 
reactions  of  condensation  with  aromatic  hydrocarbons: 
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AlCla 

Si(Oax:,H,)«  +  4CH.C.I  I,  —  >  CH,C,H«C0C,H,  +  (Si(OM)tl 

A  batter  yield  of  ketone*  is  obtained  when  the  reaction  is  conducted  in  a 
single  phase  (Bibl.44)  (the  fomation  of  silicoanhydrides  in  a  medium  of  the  corre¬ 
sponding  aromatic  solvent).  By  means  of  single-phase  condensation,  tolylphenyl 
ketone,  bensophsnone,  methyl tolyl  ketone,  methylchloro phenyl  ketone  and  acetophenone 
in  yields  of  45  -  B6%  of  theoretical  have  been  synthesised  (Bibl.44). 

From  the  point  of  view  of  organic  synthesis,  the  most  interesting  is  silico- 
formic  anhydride,  since  neither  the  anhydride  nor  the  acid  chloride  of  formic  acid 
exists  in  the  free  state. 

By  the  aid  of  silicofoxmic  anhydride,  the  synthesis  of  a  number  of  aromatic 
alderhydee  may  be  accomplished,  for  example} 

A1C1, 

Si(OCOH)«  +  4CH,C.H,  -  >  4CH*C,H«COH  +  [Si(OH).J 

The  oxy  group  obviously  reacts  more  easily  with  the  atom  of  chlorine  in  SiCl^ 
than  the  carboxyl  group  does.  Thus,  cxy-acids  (Bibl.45)  react  with  SiCl^  to  form  an 
ester,  instead  of  a  mixed  anhydride} 

SiC!4  +  4HO(RCOOil)  -  -  »  Si(ORCCOH),  +  4HC1 

Ricinoleic  acid,  reacting  by  this  scheme,  yields  silieorlcinoleic  acid,  a  vis¬ 
cous  oily  product,  slowly  decomposed  by  alkali,  which  can  be  brominated,  and  reacts 
with  calcium  chloride  to  form  the  calcium  salt. 

The  presence  of  an  active  COOH  group  in  the  reaction  product  naturally  compli¬ 
cates  the  course  of  the  above  reaction,  and  encourages  the  formation  of  a  number  of 
by-products  ( polys iloocanes,  various  esters,  hydrides,  etc.).  Compounds  of  the  type 
Si(OBCOCM)^,  where  M  is  a  metal  or  a  radical,  may  be  obtained  in  better  yield  than 
Si(OHCOOH)^  on  the  reaction  of  SiCl^  with  the  salt  or  ester  of  the  oxy-acid.  Thus, 
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silicolactic  acid  is  obtained  by  the  reaction  of  SiCl^  with  zinc  lactate,  silico- 
salicylic  acid  by  the  reaction  of  SiCl^  with  methyl  or  amyl  salicylate. 

SiCl^  is  such  an  active  reagent  that  in  certain  cases  it  can  disrupt  the  ether 
bond  in  organic  compounds. 

Vol*nov  (Bibl.46),  studying  the  reactions  of  SiCl^  with  complex  esters  of 
acetic  acid,  and  with  various  alcohols,  found  that  the  esters  of  the  lower  alcohols 
(up  to  and  including  amyl  acetate)  form  silicoaeetic  anhydride  with  SiCl^s 

ICN^OOR  -t  SiCI, - v  SiK.'CCni,),  -  4K(  I 

Isoamyl  acetate  and  the  esters  of  higher  alcohols,  phenol  and  cresol,  form  the 
ester  of  orthosilieic  acid  and  acetyl  chloride: 

ICIUUXM  +  SiCI,  Si  (OR),  +  4CM,(;OC.I 

The  reaction  is  reversible  and  proceeds  to  completion  only  if  the  acetyl  chlor¬ 
ide  is  removed. 

Benzyl  acetate  reacts  differently: 

siu,  +  i'(  II,c:<xxji*c,h»  —  >  2CH,ux:i  +  2c,H,a-M:i  +  Sit); 

On  the  reaction  of  SiCl^  with  ethyl  ether  at  boiling  point,  halo-esters  of 
silicon  are  formed  (Bibl.47). 

SiCI,  +  CjHiOCjH, - >  QH,OSia!,  +  QH,CI 


This  reaction  makes  it  difficult  to  synthesise  alkylchlorosilanee  in  an  ether  medium 
by  Grlgnard’s  method,  since  substituted  esters  are  formed  besides  the  alkylchloro- 
silanes. 

When  SiCl^  reacts  with  esters  of  nitric  acid  (Bibl.48),  a  number  of  esters  of 
orthosilioic  acid  can  be  obtained  (Bibl.48): 

SiCI,  +  4RONO  >  Si(OR),  +  4N<X  I 
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The  yield  of  product  is  about  80£  of  theoretical*  If  the  £ -chloro-ester  of  nitric 
acid  is  taken  for  the  reaction,  tetra-p-chloroethoxysilane  is  formed: 

SiCI4  +  4CICH«CHfONO - >  SI(OCH,CH,CI)4  +  4NOCI 

A  mixture  of  ethylene  glycol  and  ethylene  dinitrite  (Bibl.48)  reacts  with  SiCl^ 
in  the  following  way: 

CHiOH  ONOCH,  CH,Os  /CXHlt 

|  +  SiCI«  +  |  -  I  »  |  +  2HCI  +  2NOCI 

CHfOH  ONOCH,  Cti&S  ^OCH, 

SiCl^  reacts  with  esters  of  orthosilicic  acid  (Bibl.49)  at  temperatures  of  the 
order  of  160°C: 


SiCl,  +  3;(OR)«  -  2Cl,Si(OR), 

The  principal  reaction  product  is  a  dialkoxydichlorosilane,  but  usually  the 
trialkoxychlorosilane  and  the  alkoxytriehlorosilane  are  also  present.  By  varying 
the  ratio  between  the  reagents,  the  yield  of  one  reaction  product  or  the  other  can 
be  increased.  Tetramethaxyail&ne  reacts  with  SiCl^  at  the  boiling  point  of  the  mix¬ 
ture  (Bibl.50). 

Kreshkov  (Bibl.51)  has  studied  the  reaction  of  SiCl^  with  axy-acids  obtained  on 
the  oxidation  of  paraffin  by  the  oxygen  of  the  air.  He  considers  reaction  does  not 
take  place  according  to  the  formula  presented  above  for  the  axy-acids.  In  his 
opinion,  the  SiCl^  dehydrates  the  axy-acids,  after  which  it  can  add  to  the  unsatur¬ 
ated  products  of  dehydration  at  the  double  bond,  even  in  the  absence  of  a  catalyst: 

RCHOHCH«(CHi)„COOH  +  SiCU - RCH-CH(CH^COOH  +  (Si(OH)«|  +  4HCI 

RCH-CH(CH,)„COOH  +  Si C»4 - •'  RCHCHCI(CHt),COOH 

liCI, 

It  oust  be  borne  in  mind  that  even  the  synthesis  according  to  Shtetter  (under 
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pressure)  involves  considerable  difficulties,  and  up  to  the  present  time  has  not 

I  I 

been  repeated.  For  this  reason  the  hypothesis  that  the  -Si-C-  bond  is  fomed  by 

simple  boiling  of  an  organic  compound  with  silicon  tetrachloride  appears  improbable 
to  me.  As  a  result  of  recent  studies  (Bibl.52)  the  impossibility  of  the  addition  of 
silicon  tetrachloride  at  a  double  bond,  even  in  the  presence  of  a  catalyst,  has  been 
proved. 

The  presence  of  a  soluble  product  containing  silicon  and  a  small  quantity  of 
chlorine  in  the  reaction  mixture  may  be  explained  either  by  the  formation  of  a  poly- 
alkoxyc hlo ro s iloxane ,  or  simply  by  the  phenomena  of  adsorption,  instead  of  by  the 
formation  of  a  compound  containing  the  Si-C  bond  or  of  addition  products. 

Reactions  with  Amines  and  Ketones 

Silicon  tetrachloride  is  able  to  react  with  amines,  forming  haloamino silanes 
and  amino silanes  (Bibl.53). 

SiCI4  +  4C.H.NH, - ►  Cl(Si(NHG,H,)t  +  2C,H,NH,HC1 

When  tertiary  amines  react  with  SiCl^,  addition  products  are  formed: 

2  +  SiCI, - -  (C.H.NhSiCI, 

According  to  Dolgov  and  Vol’nov  (Bibl.40),  the  reaction  of  paraaminophenol  with 
SiCl^  takes  place  in  quantitative  yield  by  the  formula 

SiCI,  +  4HOC,H«NHt - -  Si(OC,H4NH,HCI), 

I 

Absolutely  no  compounds  whatever  containing  the  bond  -Sl—K-  are  formed. 

I  I 

One  peculiarity  characteristic  of  the  chmaistry  of  silicon  as  a  whole  must  be 
noted.  The  silicon  atom  has  a  large  radius,  thus  making  it  capable  of  forming  com- 
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pi ax  compounds  with  the  coordination  number  6.  An  example  of  compounds  of  this 
class  is  the  salts  of  fluosilicic  acid.  SiCl^  likewise  foras  a  number  of  compounds 
of  complex  structure.  They  include,  for  instance,  the  above  mentioned  compounds 
with  tertiary  amines. 

SiCl^  reacts  well  with  1,3-diketones  (capable  of  existing  in  the  enol  fora) 
with  the  formation  of  complex  hydrochlorides: 

3cn,ax;n=(;(<:ii,)0ii  +  siu,  — -  >  [aucocn-qawohSici  nci  +  2hu 

Three  molecules  of  diketones  always  enter  into  the  reaction.  Dilthey  (Bibl. 
19),  who  prepared  a  number  of  such  derivatives,  found  that  one  atom  of  chlorine  in 
them  is  extremely  mobile  and  readily  enters  into  metathetical  reactions  with  salts. 


|OI,ax:H^C(CH,)Cl,Si<:i  HG  +  AgNO,  —  ■ 

-  >  AgCI  -j.  [CH,COCH-C(CI  l,)0),SiCIHN<  >:, 

Alkylation  Reaction  of  Silicon  Tetrachloride 

The  most  important  reactions  of  SiCl/,,  which  are  responsible  for  its  practical 
Importance  in  the  synthesis  of  organosilicon  polymers,  are  based  on  its  ability  to 
replace  chlorine  atoms  by  organic  radicals  on  reacting  with  certain  organometallic 
compounds,  hydrocarbons,  and  diaso  compounds. 

Reactions  with  Organomagnesium  Compounds 

Of  the  organometallic  compounds  that  react  with  SiCl^,  the  organomagnesium  com¬ 
pounds  have  been  most  widely  employed,  since  they  are  relatively  more  plentiful  and 
inexpensive. 

The  reaction  between  silicon  tetrachloride  and  organomagnesium  compounds  takes 
place  according  to  the  mechanism  (Bibl.54): 


Sii;i,+  RMgX  -  KSiCI:1  :  MgXCI 
KSiCI,  +  RMgX  =  RtSiGlj  +  MgXCI 
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K..SiU2  +  RMgX  RjSiCI  +  MgXCI 
K,SiCI  -  RMgX  R«Si  +  MgXCI 

The  number  of  halogen  atoms  that  are  replaced  by  alkyl  radicals  depends  on  a  number 
of  conditions,  the  proportion  between  the  components,  the  structure  of  the  alkyl  or 
aryl  radical,  the  nature  of  the  metal  and  the  reaction  conditions. 

By  adjusting  the  ratio  between  the  quantities  of  SiCl^  and  organomagnesium  com¬ 
pound,  the  direction  may  be  directed  toward  the  formation  of  one  of  the  products 
primarily,  for  instance  of  an  alkyltrichlorosilane  or  the  dialkyldichlorosilane, 
but  the  reaction  product  will  always  also  contain  compounds  of  a  greater  or  lesser 
degree  of  substitution.  The  quantity  of  by  products  depends  on  the  relative 
activity  of  the  SiCl^  and  the  alkylchlorosilane  with  respect  to  the  given  alkylmag- 
nesium  halide;  in  some  cases  the  dialkyl-  or  diaryldichlorosilanes  are  formed  much 
more  easily,  in  other  cases  the  alkyltrichloro silanes.  The  tetra-substituted  sil¬ 
anes  are  as  a  rule  formed  with  greater  difficulty. 

The  reactions  between  SiCl^  and  ether  solutions  of  the  most  varied  organomag¬ 
nesium  compounds  are  described  in  the  literature,  for  example:  methylmagnesium 
chloride  (Bibl.57),  methylmagnesium  bromide  (Bibl .58),  methylmagnesium  iodide  (Bibl. 
59),  ethylmagnesium  chloride  (Bibl. 60),  ethylmagnesium  bromide  (Bibl.6l),  ethylmag- 
nesium  iodide  (Bibl .62),  bromomagnesium  bromide  (Bibl .63),  allylmagnesium  bromide 
(Bibl.64),  butylmagnesium  bromide  (Bibl«59),  i soamylmagneaium  bromide  (Bibl.63), 
h exylmagne slum  bromide  (Bibl.64),  octylmagnesium  bromide  (Bibl.64),  phenylmagnesium 
bromide  (Bibl.65),  cyclohexylmagnesium  bromide  (Bibl.66),  benzylmagnesium  bromide 
(Bibl. 67),  p-chloro phenylmagnesium  bromide  and  p-bromo phenylmagnesium  bromide  (Bibl. 
68),  p-tolylmagnesium  bromide  (Bibl.69),  a-naphthylmagnesium  bromide  (Bibl.63),  and 
also  reactions  with  a  number  of  more  complex  organomagnesium  compounds. 

We  have  worked  out  a  method  of  synthesizing  organomagnesium  compounds  without 
using  ethyl  ether  (Bibl.54).  The  following  compounds  were  prepared  by  this  method: 


F-TS-9191/V 


106 


ethyltrichlorosilane,  diethyldichlorosilane,  isobutyltrichlorosilane,  diisobutyl- 
dichlorosilane,  isoamyltrichlorosilane,  hexyltrichlorosilane,  dihexyldichlorosilane, 
benzyldichlorosilane,  and  a -naphthyltrichlorosilane.  Vol*nov  and  Reut  (Bibl.56) 
conducted  the  reaction  between  SiCl^  and  ethylmagnesiua  bromide  without  using  ethyl 
ether. 

In  runs  without  using  ethyl  ether,  the  yield  as  a  rule  is  not  lower  than  with 
the  ordinary  Grignard  method.  To  prepare  certain  alkylchlorosilanes,  working  with¬ 
out  the  use  of  ethyl  ether  represents  an  advantage  not  only  with  respect  to  safety, 
but  also  in  connection  with  the  possibility  of  selecting  a  solvent  allowing  the  re¬ 
action  to  be  conducted  at  the  optimum  temperature. 

By  the  successive  action  of  different  organomagnesium  compounds  on  SiCl^, 
alkyl- (aryl )-chlorosilanes  and  various  tetra-substituted  silanes  may  be  obtained,  in 
which  unlike  organic  radicals  are  attached  to  the  same  silicon  atom  (Bibl.59,  64). 

In  this  case,  if  there  are  functional  groups  in  the  molecule  of  tetra-substituted 
silanes,  they  will  be  able  to  react  both  with  organomagnesium  compounds  and  with 
other  organometallic  compounds,  by  analogy  to  other  organic  compounds  (Bibl.68): 


CjH.Mgli'' 


'/CKflll.MxHi 


SIC  I, 


11  ■>  .it  *1  l|Si<  :ii— 


CKJ,HiSi(i:...llih 


,.|  |,St<  I. 


,  SlCI. 

>i  Brt  ^ H i  Mt'Hr  - *  »i-HrU,ll|SitX.  -j-  (Hr< 


1  :.H  MrHi 


r/-Brt  l(Si(*  .ll5i, 

I- 


tCH,),Pb»r 


-ti-BrMKti.H, Silt  .11,1: - 


(C.ll .)  S11H1 


II  .lt:ti||,Si(t  .,11,1: 
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The  replacement  of  several,  chlorine  atoms  by  branched  organic  radicals  some¬ 
times  involves  steric  hindrance.  For  example,  by  the  aid  of  isoamylmagnesium  chlor¬ 
ide,  it  has  been  possible  to  replace  not  more  than  two  chlorine  atoms  (at  very  low 
yields). 

On  the  reaction  between  certain  o rganomagne s ium  derivatives  and  SiCl^,  cyclic 
dichlorosilane  is  formed: 


BrMg(Q  l,)jMdHr  +  SiCI.  =  CHS  Si<  :i2 


NCi  u-uv/ 


2MrCIBi 


Dimagnesium  derivatives  of  dichloroacetylene  do  not  react  with  silicon  tetra¬ 
chloride  (Bibl.70). 

It  has  not  been  found  possible  at  all  to  produce  a  reaction  between  SiCl4  and 
tertiary  organomagnesium  compounds,  and  organolithium  compounds  must  be  used  to  pre¬ 
pare  tertiary  alkylchlorosilanes. 

Reactions  with  Organolithium  Compounds 

The  reaction  of  SiCl^  with  organolithium  compounds  is  of  great  importance  for 
the  production  of  those  organochlorosilanes  of  complex  structure  which  it  has  not 
been  found  possible  to  prepare  under  the  action  of  organomagnesium  compounds  (Bibl. 
71).  The  reaction  between  silicon  tetrachloride  and  the  organolithium  compound  pro¬ 
ceeds  with  exceptional  smoothness  and  is  very  easily  controlled  (Bibl. 72).  Such 
compounds  as  tetraalkyl-  or  tetraarylsilanes,  which  can  as  a  rule  be  obtained  only 
in  low  yield  under  the  action  of  organomagnesium  compounds,  are  very  readily  obtain¬ 
ed  in  high  yield  by  using  organolithium  compounds  instead  (Bibl. 73):  tetraethylsil- 
ane  in  92JJ  yield,  tetrabutylsilane  in  98^  yield,  tetraphenylsilane  in  995f  yield. 

The  reaction  takes  place  in  the  cold  immediately  after  mixing  the  silicon  tetra¬ 
chloride  with  the  solution  of  the  organolithium  compound. 

Alkylchlorosilanes  with  branched  chains  can  be  prepared  by  the  aid  of  organo- 
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lithium  compounds;  for  instance,  isopropyllithium  yields  triisopropylchlorosilane 
(Bibl.74)  in  68*  yield;  while  tertiary  butyllithium  gives  tert-butyltrichlorosilane 
(Bibl.75)  (in  yield  of  75*): 

(CHjJjCLi  +  SiCl4  -  (CH,),CSiCI,  +  LiCI 

Under  the  action  of  organolithium  compounds  on  SiCl^,  alkylchlorosilanes  con¬ 
taining  functional  groups  in  the  organic  radical  can  be  obtained,  for  instance 
(Bibl.76): 


% 

SiCIj  +  Li — /  / 

N _ / 

dCH, 


/ 

/'  \ 


Br 

—SiCIj  +  LiCI 


\ 


OCH, 


Reaction  with  other  Organometallic  Compounds 

The  alkylation  of  SiCl^  by  means  of  organo sodium  compounds  proceeds  readily 
even  with  halo-derivatives  containing  no  other  functional  groups.  The  reaction  is 
very  difficult  to  control  and  leads  to  the  formation  almost  exclusively  of  tetra- 
substituted  silanes,  good  yields  being  obtained  as  a  rule  only  for  the  tetraarylsil- 
anes. 

Manulkin  and  Yakubova  (Bibl.77)  acting  with  sodium  on  a  mixture  of  SiCl^  and 
an  aryl  chloride: 


SiCW  +  8N»  +  4RCI  -  SIR*  +  8N«CI 

obtained  tetraphenylsilane  (in  68*  yield)  and  tetrabenzyl silane  (in  45*  yield). 
Tetrabiphenylsilane  (Bibl.78)  SitC^C^Hj^  (in  60*  yield)  as  well  as  tetra-p- 
tolylsilane  (Bibl.79)  have  been  similarly  obtained. 

The  aliphatic  alkyl  halides  in  the  presence  of  sodium  usually  react  less 
readily:  for  instance,  ethyl  bromide  forms  tetraethylsilane  in  insignificant 
yield;  butylbromide  hardly  reacts,  while  isopropyl  bromide  and  tert-butyl  bromide 
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do  not  react  at  all  (Bibl.80).  There  is  a  statement  (Bibl.78)  that  amyl  chloride 
forms  tetraamylsilane  in  80%  yield.  (Tetraisoamylsilane  is  obtained  in  insignifi¬ 
cant  yield)  (Bibl.38). 

As  stated  above,  the  reaction  of  alkylation  by  means  of  metallic  sodium  can  be 
controlled  only  with  great  difficulty,  and  it  has  not  been  possible  to  obtain  any 
sort  of  satisfactory  yield  of  the  most  valuable  alkylation  products,  the  alkyl- 
chlorosilanes.  It  has  also  not  been  possible  to  conduct  the  reaction  with  halo 
derivatives  containing  other  functional  groups,  for  example  with  nitro-  and  dinitro- 
chlorobenzene  or  with  methoxyclorobenzene  (Bibl.80),  not  to  effect  the  reaction  be¬ 
tween  SiCI/,.  and  sodium  acetylide. 

The  possibility  of  performing  the  following  reactions  has  been  noted  in  the 
literature  (Bibl.81): 


/:i  i.Bi  /ai.N 

a  Is  +  'l\n  +  Si<  ;u  =  a  I.  SiCI.  +  2iSnBr  -f  2NaU 

xCH,Br  VCI 1/ 

/  - 

2C,II,(.I,.  4-Si(.l,4-  «N.'  >i  ^'Si^j 

\/ 


subsequently,  however,  the  formation  of  the  latter  product  was  not  confirmed 
(Bibl.82). 

By  means  of  organomercury  compounds,  the  arylchlorosilanes  were  first  obtained 
(Bibl.83)* 

sk:i4  4- 1  ic<c,ii  i})»  =  Col i3Si«;i:l  4-  iikC„h,ci 

Dimethylmercury  gives  practically  no  reaction  with  SiCl^,  and  with  dimethylzinc 
the  reaction  proceeds  at  a  fair  velocity  only  at  temperatures  over  200°C  (in  a  seal¬ 
ed  tube)  (Bibl.84). 
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s,a«  4  4(t;i i3)5zn  si(ai,)«  -  -iznai,<:i 


Diethylzinc  reacts  similarly. 

Diethylbarium  does  not  react  with  SiCl^  (Bibl.85). 

Reaction  with  Hydrocarbons  and  Diazo  Compounds 

Shtetter  (Bibl.86)  found  that  under  a  pressure  of  10  -  100  atm  in  presence  of 
metallic  chlorides,  SiCl^  can  add  to  compounds  containing  a  multiple  bond: 

sici4  rais*ai2  a,siCH2ui2u 

sin,  4-ai-  r.u  -  a,Siai=,mn 
‘mCU  4-  (  -o  ■  ClrSiCOOl 

In  this  case,  according  to  data  of  Shtetter,  workers  have  been  able  to  replace  only 
a  single  chlorine  atom  in  SiCl^.  Unfortunately,  during  the  15  years  that  have  pass¬ 
ed  since  the  publication  of  Shtetter*  s  paper,  no  paper  has  appeared  demonstrating 
convincingly  enough  the  possibility  of  such  a  reaction,  except  for  the  patent 
reports,  which  reproduce  the  Shtetter  synthesis  without  reference  to  the  isolation 
of  the  reaction  products  (Bibl.87). 

According  to  the  data  of  Andrianov  and  Kochkin  (Bibl.88),  a  mixture  of  SiCl^ 
and  a  hydrocarbon  can  react  at  a  temperature  over  450°C: 

Rll4-SiCU-RSia,  +  lia 


When  methane  reacts  with  SiCl^  at  500°C,  methyltrichlorosilane  is  formed  (in 
12.258  yield)  and  when  benzene  reacts  with  SiCl^  at  the  temperature  of  a  red  heat,  a 
certain  quantity  of  phenyltrichlorosilane  is  obtained  (Bibl.89). 

Yakubovich  and  Ginzburg  (Bibl.90)  found  that  SiCl4  can  react  with  diazo  com¬ 
pounds,  forming  mono,  di,  and  trichloroalkylchlorosilanes. 

SiU«  4-  ClIjNj  =  <;i.,.Si(;HsQ  4-  N? 
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UsSiCHjQ  +  aitN,  --■=  a^i(cn,a),  +  n, 
CIsSKCHiQ).  +  CHSN.  =  C!Si(CU.CI)j  +  N, 


Reactions  with  Inorganic  Compounds 

One  of  the  most  important  criteria  determining  the  tendency  of  the  halogen 
atoms  attached  to  the  silicon  atom  to  be  replaced  by  any  other  atoms  is  the  ratio  be¬ 
tween  the  values  of  the  covalent  radii.  As  a  rule  substitution  reactions  take  place 
readily  only  where  the  substituent  atom  has  a  smaller  covalent  radius  than  the  re¬ 
placed  atom  (Bibl.91).  Accordingly,  the  reactions  of  replacement  of  chlorine  atoms 
by  atoms  with  a  larger  radius  either  do  not  take  place  at  all  or  take  place  in  in¬ 
significant  yield.  The  chlorine  atom  (r  *  0.99  A)  may  be  replaced  by  the  fluorine 
atom  (r  *  0.72  A),  and  also  by  the  oxygen  atom  (r  ■  0.66  A)  and  the  nitrogen  atom 
(r  -  0.74  A). 

Examples  of  the  reaction  of  substitution  of  oxygen  for  chlorine  are  all  the 
above  discussed  reactions  between  silicon  tetrachloride  and  water  or 
hydroxyl-containing  compounds,  as  well  as  with  many  inorganic  compounds. 

Acids  hydrolyae  SiCl^,  for  instance: 


SiOU  +  21  l,SO,  =-  Si(OI I)«  +  2*504:1, 

Under  the  action  of  acid  anhydrides  or  oxides  of  metals  on  SiCl^,  the  chlorine 
is  replaced  by  oxygen,  forming  silica  (Bibl.92)  or  halodisiloxane  (Bibl.93): 


3SiCI«  +  2PjO,  =  ttiOj  +  4P(X:i, 
JSiCI,  +  SO,  =CI1SiOSiCI,  +  SO,CI, 
SiQ,  +  20 iO  SiO,  -f  2CnCI, 


Examples  of  reactions  in  which  chlorine  is  replaced  by  nitrogen  are  the  reac¬ 
tions  with  amines  (cf.page  104)  and  also  the  reactions  between  SiCl/,  and  isocyanates 
(Bibl.94)  and  isothiocyanates  (Bibl.95). 
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SiCI«  +  4AgNC0  -  Si(NCO),  +  4AgU 
SiCI,  4A*NCS  Si(NCS),  +  4AgCI 

The  replacement  of  chlorine  by  fluorine  takes  place  readily,  either  under  the 
action  of  elementary  fluorine  (Bibl.92): 

SiCI4  -r  =  SiK,  +  2Clj 


or  under  the  action  of  antimony  fluoride  (Bibl.96): 


SiCI*  +  SbF,  “  CI,SiF  +  SbF*CI 
CifSiF  +  SbF,  -  Cl,SiFj  -f  SbF,Cl 
CI»SiF*  +  SbF,  -  CISiF,  +  SbF,CI 
CISiF,  +  SbF,  =  SiF*  +  SbF,CI 


In  this  case  a  mixture  of  all  the  above  products  is  formed. 

In  contrast  to  the  above  reactions,  which  take  place  rather  actively,  the  sub¬ 
stitution  of  chlorine  by  groups  with  a  covalent  radius  greater  than  that  of  chlorine 
takes  place  with  great  difficulty.  Thus,  for  example,  the  reaction  of  Si&4  with 
H2S  (Bibl.97)  leads  to  the  replacement  of  one  atom  of  chlorine: 

SiCI,  +  HsS«a,SiSIl  +  MCI 

According  to  recent  data  (Bibl.91),  the  yield  of  C^SiSH,  even  at  600°C, 
amounts  to  only  1  -  2%, 

Bromine  and  iodine  do  not  react  appreciably  with  silicon  tetrachloride.  The 
reaction  with  hydrogen  bromide  and  hydrogen  iodide  takes  place  at  a  high  temperature 
in  insignificant  yield: 


SiCI,+  4HX-  SiX,  +  4HCI 

Carbon  tetrabromide  reacts  according  to  the  formula: 
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SiCt*  +  CBr,  =  ra4  +  SiBr« 


The  yield  Is  12$. 

The  reaction  of  reduction  of  SiCl^  takes  place  with  great  difficulty.  Hydrogen 
reacts  at  red  heat: 


SiU«  +  I  I,  a  HSiCl,  -r  HC1 

Metallic  sodium  at  140°C  does  not  react.  The  reaction  . 

SiCI*  +  4Na  -  Si  +  4NaCi 

takes  place  at  red  heat.  Metallic  potassium  reacts  with  the  vapor  of  SiCl^  at  a 
considerably  lower  temperature.  The  analogous  reaction  with  silver  takes  place  at 
red  heat;  with  iron,  aluminum,  and  magnesium,  at  200  -  300°C. 

Metallic  magnesium  does  not  react  with  SiCl^  at  room  temperature;  heating  at 
the  coiling  point  for  8  hours  likewise  does  not  produce  a  reaction.  In  the  presence 
of  ethyl  ether,  an  insignificant  quantity  of  unstable  compounds,  whose  structure  has 
not  been  established,  is  formed  (Bibl.98). 

Other  Tetrahalosilanes 

Such  silicon  compounds  as  SiF^,  SiBr^  and  SiJ^  have  not  at  the  present  time 
acquired  technical  importance. 

The  silicon  atom  is  bound  very  strongly  to  fluorine  (Bibl.99).  This  is 
evidenced  by  the  heat  of  formation  of  Sify  from  its  elements,  which  is  360.0 
kcal/mol.  It  not  only  considerably  exceeds  the  heat  of  formation  of  silicon  tetra¬ 
chloride  (151.0  kcal/mol),  but  even  the  heat  of  oxidation  of  silicon  (176  kcal/mol). 
The  possibility  of  preparing  silicon  tetrafluoride  from  silica  is  connected  with 
this.  SiF^  is  obtained,  according  to  Mendeleyev  (Bibl.8),  by  treating  a  mixture  of 
one  part  by  weight  of  sand  or  glass,  with  one  part  by  weight  of  fluorspar  in  6  parts 
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by  weight  of  sulfuric  acid.  The  reaction  Si02  ♦  4HF SiF^  ♦  2H2O  is  reversible. 
The  hydrolysis  of  SiF^  is  an  endothermic  process,  which,  in  contrast  to  the 

SiF«  +  4H,0  - -  4HF  +  [Si(OH)4) — 25,8 

is  an  endothennic  process,  which,  in  contrast  to  the  hydrolysis  of  all  other  halo 
derivatives,  does  not  proceed  to  completion,  and  some  of  the  fluorine  atoms  still 
remain  attached  to  the  silicon. 

SiF^  is  a  colorless  gas  with  a  sharp  odor,  which  fumes  in  the  air.  Its  criti¬ 
cal  temperature  is  -1.5°C  and  its  critical  pressure  50  atm.  Water  absorbs  about 
400  volumes  of  the  gas. 

Like  SiCl^,  SiF/,  reacts  with  alcohols,  foxming  ethers  (Bibl.100): 

3SiF4  +  4ROH  =  Si(OR).  +  2H*SiKu 

This  reaction,  however,  proceeds  slowly  and  in  low  yields.  The  relative  sta- 

I  1 

bility  of  the  -^i-F  bond  by  comparison  with  the  stability  of  the  -Si-Cl  bond  is 

illustrated  by  the  fact  that  under  the  action  of  alcohols  on  fluorochloro silanes, 
the  fluorine  remains  unaffected,  while  the  chlorine  is  completely  replaced 
(Bibl.101). 


SiUjF.,  +  SC.tl.OH  ~  F5Si(OC«H,)»  +  2HCI 

Si F^  reacts  readily  with  organomagnesium  compounds,  however,  in  contrast  to  th? 
reaction  with  SiCl^,  and  in  this  case  trialkylfluorosilanes,  containing  an  admixture 
of  tetraalkylsilanes,  are  almost  exclusively  formed. 

In  1935 ,  Medoks  and  Kotelkov  (Bibl.102)  first  studied  this  reaction. 

Sif-4  +  3C,H,MgBr  =  FSi(C,H,),  +  3M*FBr 

When  SiF^  reacts  with  phenylmagnesium  bromide,  tetraphenylsilane  is  not  formed; 
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b enzylmagnesium  chloride,  according  to  the  data  of  Medoks  (Bibl,103),  reacts  with 
Sify,  forming  a  mixture  of  t rlbenzylfluo ro silane  and  tetrabenzylsilane. 

The  reaction  of  SiF^  with  ethylmagnesium  bromide,  propyl-,  butyl-,  and  amylmag- 
nesium  chloride  (Bibl.104)  takes  place  with  the  formation  of  a  mixture  of  tri-  and 
tetra-substituted  products* 

Silicon  tetrabromide  is  obtained  by  the  reaction  between  bromine  and  silicon 
(Bibl*105),  and  on  the  action  of  bromine  on  a  mixture  of  silica  with  coal  or  magne¬ 
sium  at  a  high  temperature.  SiBr^  is  a  liquid  of  specific  gravity  2.62,  boiling 
point  151.8°C,  melting  point  12  -  15°C,  refractive  index  n^*'*  »  1.56267. 

I  I 

The  strength  of  the  bond  is  considerably  less  than  that  of  the  -SW 

I  I 

bond,  and  therefore  SiBr^  usually  reacts  more  actively.  Thus,  for  instance,  the  re¬ 
action  of  SiBr^  with  metallic  potassium  at  ordinary  temperatures  is  explosive. 

Yakubovich  and  Ginzburg  (Bibl.90)  described  the  reaction  of  SiBr^  with  diazo 
compounds.  This  reaction  takes  place  readily  at  temperatures  of  an  order  of  -70°C, 
forming  di-  and  tri-a-branoalkylbromosilanes: 

SiBr,  +  •-'(  :H;\;  ••=  (Brf.l  I^SiBr,  +  2N# 


On  the  action  of  antimony  trichloride  on  SiBr^,  the  bromine  is  replaced  by 
chlorine  (Bibl.UO),  and  both  chlorobromosilanes  and  SiCl^  may  be  obtained.  In  con¬ 
trast  to  the  reaction  with  SiCl^,  the  reaction  of  hydrogen  sulfide  with  SiBr^  takes 
place  readily  and  in  good  yield  (Bibl.91). 

SiBr,  +  H,S  =•  Br,SiSH  +  HBr 

The  iodine  atom  is  bound  still  less  strongly  to  silicon} 


Si  +  2J,  =  Si J«( -(-  6,7  c*t  ) 

This  reaction  (Bibl.106)  usually  takes  place  under  the  action  of  iodine  on 
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silicon  in  a  strata  of  carbon  dioxide  at  a  temperature  of  the  order  of  500°C,  or 
under  the  action  of  iodine  on  a  mixture  of  silica  and  magnesium* 

Tetraiodo silane  is  a  crystalline  substance  readily  soluble  in  carbon  disulfide; 
melting  point  120*5°C;  boiling  point  290°C.  The  product  is  readily  distilled  in  a 
stream  of  carbon  dioxide  gas.  In  the  air  Sil^  vapor  spontaneously  ignites: 

SiJ«  +  20,  -  SiO,  +  2J. 

When  Sil^  reacts  with  alcohols,  esters  are  not  fomed* 

SiJ4  +  2C,H,0H  r=  SiO.  4  2C,H,J  +  2HJ 

Ethyl  ether  reacts  with  tetraiodo  silane  according  to  the  formula: 

SiJ«  4-  4(C,H,),0  =  4C,H,J  +  Si(OC,K,)« 

There  is  an  indication  that  when  iodosilanes  react  with  magnesium  in  the 
pres  mice  of  ethyl  ether,  unstable  silylmagnesium  iodides  are  formed  (Bibl.107). 

As  a  result  of  the  fact  that  the  covalent  radii  of  the  bromine  atom  (1.14  A) 
and  of  the  iodine  atom  (1.33  A)  are  greater  than  the  radii  of  the  atoms  of  fluorine, 
nitrogen,  oaygen,  and  sulfur,  it  follows  that  bromine  and  iodine  are  readily  replac¬ 
ed  by  these  atoms.  Thus,  undsr  the  action  of  the  antimony  trifluoride  on  SIBrj,, 
one,  two,  three  or  four  atoms  of  bromine  nay  be  replaced  by  fluorine.  Sil^  reacts 
similarly.  Bromine,  like  chlorine,  may  be  easily  replaced  by  an  isocyanato  group 
(Bibl.109). 

SiCl,Br,  4-  4A*NC0  =  Si(NCO)*  +  2AgBr  -  2A«CI 


The  mixed  tetrahalosilanes  (Bibl.lll)  nay  be  prepared  by  the  following  methods: 
1.  By  the  action  of  a  hydrogen  halide  on  a  tetrahalo silane  at  high  tempera¬ 
tures: 


SiCI,  -r  HBr  «  SiCl.Br  4-  HCI 
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2.  By  the  action  of  an  elementary  halogen  on  mono-,  di-,  and  trihaloeilaneet 

MSiCla  +  Br.  •=  BrSiCI,  +  HBr 

3.  By  the  action  of  hydrogen  chloride  or  bromide  on  silicon. 

4.  By  heating  a  mixture  of  two  tetrahalosilanes  in  a  sealed  tube.  Thus,  for 
instance,  as  a  result  of  heating  a  mixture  of  equal  volumes  of  SiClj,  and  SiBr^  for 
70  hours  at  140°C,  a  mixture  of  chlorobromosilanes  is  fonted. 

5.  By  the  action  of  antimony  trichloride  or  trifluoride  on  tetrahalosilanes 
(SiBr/,  or  SiljJ* 

Table  4  gives  the  molecular  volumes,  the  energies  of  ionisation,  the  bond  re¬ 
fractions  and  the  bond  lengths  of  the  tetrahalosilanes. 


Table  4 

Some  Properties  of  Tetrahalosilanes  (Bibl.156) 


b) 

C)  j 

.0 

e ) 

f> 

Silicon  Tetra fluoride 
Silicon  Tetrachloride 
Silicon  Tetra broqiide 
Silicon  Tetraioaide 

SiF, 

SiCI« 

SiBr, 

1  SiJ, 

I 

81,3 

98,8 

121,7 

102 

97 

95 

92 

r  ■ 

1,80 

7,01 

10,2 

15,53 

1 

1,68 

1,87 

2,09 

2.25 

a)  Name;  b)  Formula;  c)  Molecular  Volume,  oc;  d)  Energy  of 
Ionisation  (Formation  of  Singly-Charged  Ion),  kcal;  e)  Bond 
Refraction,  em^;  f)  Bond  Length,  A 


The  physical  properties  of  the  tetraftalogenated  silanes  are  given  in  Table  5* 
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Table  5 

Physical  Properties  of  the  Tetrahalosllanes 


,  ,etrafluoros;lane 
,  etrach loros i lane 
'  etrabromosilane 
,  .etraiodoailane 
f i f luorophlpros 1  Jane 
1 f luorodichlorosi lan 


B 


'fuorobn 
uorodibi 


ane 

omosijane 
Tonosilane 
lane 


lporptn 

1  richlor  o*o<Jos  ;  Jane 
.ichlorodi 


iorotriiodosilane 
rich  lorobromoa  i  lane 
ichlorodibromosilane 
bjorotr ibromos i lane 
_  r  lbranoiodoa  i  lane 

Fibronodiiqdosilane 
romotr  i  iodos  i  lane 


b) 

0 

d) 

e) 

1 

Si|-4 

-95.7 

-  -65 

SiCI4 

-70 

57,6 

1,481 

SiBr« 

!  5 

153,4 

2,812 

Si  J« 

120,5  1 

290 

SiF,CI 

1  —138  i 

--70 

__ 

SiFaCij 

• -144  ! 

— 31 ,7 

_ 

SiF,Br 

—70,5  i 

-41,7 

_ 

SIFjBrj 

1  -66,9 

13,7 

_  _ 

SiHBfs 

;  -82.5  i 

83,8 

.... 

SiCUJ 

113-114 

SlClJa 

172 

_ 

SiCIJ, 

+2 

234-237 

_ 

SiCljBr 

-62  ±  1 

80,3 

1,826 

SiCI,Br.. 

-45,5  ±  1 

104.4 

2,172 

SiCIBr:l 

— 20,2  ±  1 

128 

2,497 

SiBr,J 

14 

192 

SiBr..J-. 

38 

230-231 

_ 

SiBrJ, 

1  53 

255 

— 

f) 


96 

142 
106 

143 
156 

1  156 

i  108 
|  108 
108 
III 
111 
III 
III 

111,144 

144 
III 
III 
111 


a)  Name;  b)  Formula;  c)  Melting  Point,  °C;  d)  Boiling  Point  °C; 
e)  Specific  Gravity;  f)  Bibliography 


MONO-,  DI-,  AND  TRIHALOSILANES 

Mono-,  di-,  and  trihalosilanes  possess  the  properties  of  both  the 
halo-derivatives  of  silicon  and  of  the  silanes.  The  replacement  of  a  hydrogen  atom 
in  the  silanes  by  a  halogen  atom  stabilizes  the  molecule  of  the  compound;  in  con¬ 
trast  to  the  silanes,  the  halo silanes  as  a  rule  are  unable  to  ignite  spontaneously 
in  air.  The  stability  of  the  halosilanes  increases  with  the  number  of  halogen 
atoms. 

The  trihalosilanes  HSiX^  are  relatively  stable  substances,  and  thus  their  syn¬ 
thesis  can  be  accomplished  with  considerably  greater  ease  than  the  synthesis  of 
mono-  and  dihalo  silanes.  The  practical  importance  of  the  trihalosilanes,  and  above 
all  that  of  trichlorosilane,  is  due  primarily  to  the  formation  of  these  products  as 
impurities  in  the  direct  synthesis  of  alkylchlorosilanea,  and  to  their  ability  to 
replace  hydrogen  by  an  organic  radical  in  reactions  with  unsaturated  hydrocarbons. 
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Methods  of  Preparation 

The  most  convenient  method  of  preparing  halosilanes  (mainly  the  trihalosilanes) 
is  based  on  the  reaction  between  a  hydrogen  halide  and  silicon  or  ferrosilicon  at  a 
high  temperature  (Bibl.112).  The  use  of  metals,  including  copper,  does  not  improve 
the  yields  of  the  products,  and  does  not  help  to  lower  the  temperature  of  synthesis* 

Preparation  of  trichlorosilane  ("silicochloroform** )  HSiCl-*  (Blbl.113).  375  g 
of  90$  silicon  is  ground  to  lumps  about  1  cm  in  size,  and  is  charged  into  a  tube  of 
refractory  glass  or  quartz,  30  m&  in  diameter  and  450  mm  long.  The  tube  is  heated 
to  a  temperature  of  about  300°C;  at  this  temperature  a  stream  of  dried  nitrogen  is 

t 

passed  for  24  hours;  the  temperature  is  then  raised  to  350^0  and  a  stream  of  dry 
hydrochloric  acid  is  passed  through  the  tube*  The  rate  of  flow  of  the  HC1  is  0.6  - 
0*85  mol  per  hour*  After  the  condensate  begins  to  form,  the  temperature  is 
gradually  reduced  to  290  -  310°C.  At  intervals  of  10  hours,  the  stream  of  HC1  is 
turned  off  and  a  current  of  dry  nitrogen  is  blown  through  the  tube  for  10  minutes. 
The  reaction  product  is  collected  in  a  receiver  cooled  with  solid  carbon  dioxide; 
1370  g  of  condensate  can  be  obtained  in  the  course  of  60  hours.  On  rectification  of 
the  condensate  in  a  column  with  15  theoretical  plates,  1045  g  of  trichlorosilane  is 
obtained;  boiling  point  31*5  -  32°C  (at  729  mm).  SiCl^  and  a  small  quantity  of 
dichloro silane  Hj^SiClj  and  hexachlorodisilane  SijCl^  are  formed  as  by  products.  An 
increase  in  the  rate  of  flow  of  HC1,  or  an  increase  of  the  temperature  in  the  tube 
to  360  -  37&C,  leads  to  a  considerable  drop  in  the  yield  of  trichlorosilane,  and 
increases  the  SiCl/.  content  of  the  condensate. 

The  reaction  between  silicon  and  HBr  is  conducted  by  a  similar  method  (Bibl. 
114),  but  at  a  higher  temperature  (360°C).  The  reaction  product  contains  2,6%  of 
dibrooosilane  HjjSiBrg,  66.1$  of  trlbromosilane  KSiBr^,  and  31$  of  SiBty.  The  in¬ 
crease  of  the  temperature  in  this  reaction  has  less  effect  on  the  yield  than  in  the 
preparation  of  trichlorosilane;  the  condensate  obtained  at  470°C  contains  45$  of 
trlbromosilane  and  55$  of  SiBr^.  A  change  in  the  rate  of  flow  of  the  HBr  likewise 
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falls  to  exert  any  substantial  Influence  on  the  yield. 

Another  method  of  preparing  halosilanes  is  the  hydrogenation  of  tetrahalosil- 
anes  in  the  vapor  phase  (Bibl.115).  This  process  is  perforated  by  passing  the  vapor 
of  the  tetrahalosilane  mixed  with  hydrogen  over  a  ground  metal  capable  of  accepting 
the  halogen,  for  example  over  aluminum  or  zinc.  The  reaction  temperature  reaches 
about  400°C.  Prom  SiCl^,  under  these  conditions,  20 %  of  trichlorosilane  and  3-5/C 
of  dichlorosilane  is  obtained: 


2SiCU  +  H,+  Zn  — •  •  2HSiQ,  -t-  ZnCls 
2HSiCl,  +  H,  +  Zn - 2H,SiCI,  4-  ZnCI, 

Trifluoro silane  is  obtained  by  the  incomplete  fluorination  of  trichlorosilane 
(Bibl.116)  by  tin  tetrafluoride,  titanium  tetrafluorlde  (at  100-120°C),  or  by 
antimony  trifluoride  in  the  presence  of  antimony  pentachlorlde.  The  latter  reaction 
takes  the  most  quiet  course. 

The  considerably  lees  stable  mono-  and  difluorosilanes,  as  well  as  the  inter¬ 
mediate  products  of  fluorination,  fluorochloro silanes,  may  be  prepared  from  mono- 
and  dichlorosilanes  by  a  similar  reaction.  The  fluorination  of  trichlorosilane 
without  the  use  of  SbCl^  leads  to  the  formation  of  SiP^  (Bibl.116): 

3HSiCI,  +  4SbF, - *•  3SiF,  +  2Sb  +  2SbCI,  -|-  M ICI 

The  preparation  of  mono-  and  dihalosilanes  is  in  general  more  complicated,  ow¬ 
ing  to  their  instability.  The  only  process  with  a  quiet  course,  with  more  or  less 
good  yields,  is  the  halogenation  of  silane  by  a  gaseous  hydrogen  halide  in  the 
presence  of  aluminum  chloride  (Bibl.117,  116).  In  this  case  a  mixture  of  products 
of  various  degrees  of  substitution  is  formed: 

SiH«  +  MX - »  SiH,X  +  H. 

i  InSiX  *-  HX - *  HfSiX,  +  H. 
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IIjSiXt+HX-  — *  HSiX,  +  II, 
IISiX,+HX  -*S1X, +  H, 


Reactions  of  this  type  are  characteristic  only  for  silicon  and  are  evidently 

I 

possible  as  a  result  of  the  weakness  of  the  -Si-H  bond*  The  reaction  temperature  of 

HC1  and  HBr  with  silanes  reaches  100°C,  that  of  HI  (in  the  presence  of  aluminum 
iodide)  runs  up  to  80°C. 

Physical  Properties 

Table  6  gives  the  physical  properties  of  mono,  bi  and  trihalosilanes. 

Table  6 

Physical  Properties  of  Mono,  Di,  and  Trihalosilanes 


*) 

b) 

0 

<*) 

e) 

i) 

SiH,K. 

-119,1 

—77,5 

116 

Bi f Ivors i lane 
irifluorosilane 

SiHF, 

SiH.CI 

—131.2 

-ns 

-97.0 

-30.5 

1 ,446  7—  1 1 3°) 

149 

117 

Chlproailane 
Lichloroai Jane 

Trich loros i lane 

SiH*CI» 

SiHCI, 

-122 

-128,2 

8.3 

11  .8 

1,3438 

117 

145 

Bramos i lane 

SiH,Br 

-  94 

—1.0 

1 ,533 

146 

Dibromosilane 

Iribromosilane 

SiH.Br« 

SiHBr* 

-70 , 1 
-73.5 

18  (123  mm) 
111  .8 

2.17 

2.312 

154 

147 

Ipdosilane 

Biiodosilane 

Triiodoailane 

2,7889 

148 

SiHjJ 

SiHJ, 

-57 

--I 

45,4 

149,5 

220 

2,0350 

2,730 

148 

148 

Lif luorochlorosi lane 
F luorod ichlorosilane 

SiHF,U 

8 

108  (14  mm) 
—50 

3.362 

140 

145 

SiHFCI* 

—  149.5 

-18.4 

- 

145 

a)  Name;  b)  Formula;  c)  Melting  Point,  °C;  d)  Boiling  Point,  °C; 
e)  Specific  Gravity;  f)  Bibliography 

The  physical  properties  of  the  halosilanes  depend  on  the  nature  of  the  halogens 
and  on  their  number  in  the  molecule;  thus,  monochloro  and  dichlorosilanes,  as  well 
as  monofluoro  and  difluoro silanes,  are  gases  under  ordinary  conditions;  trichloro- 
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silanes,  monobromo  silane  and  monolodosllane  are  highly  volatile  liquids;  and  dibromo 
and  tribromosilanes  are  also  liquids,  but  «dth  a  higher  boiling  point. 

Properties 

As  already  stated,  the  halo  silanes  are  exceptionally  reactive  compounds,  which 
combine  the  properties  of  the  silanes  and  the  tetrahalosilanes.  Like  the  tetrah&lo- 
silanes,  they  are  energetically  hydrolyzed  by  water,  forming  polysiloxanes .  The 

I 

compounds  obtained  on  hydrolysis  contains  -Si-H  bonds,  whose  number  is  usually  some- 

•  what  smaller  than  in  the  starting  monomer 4  The  mono  and  dihalosilanes  form  disilox-' 
ane  in  the  first  phase  of  hydrolysis: 

3HaSlX  +  H*0 - 2HX  -r  H^iOSiH, 

2H£iXt  +  3H*0 - -  4HX  +  (HO)H,SiOSiHI(OH) 

This  compound  is  then  decomposed,  giving  off  hydrogen  and  forming  a  polysilox- 
ane  containing  less  than  two  atoms  of  hydrogen  attached  to  the  silicon.  The  tri- 
halosilanes  are  hydrolyzed  to  form  polysiloxanes  containing  hydrogen  attached  to  the 
silicon  atom: 


rllSiCIt  •  >  CllSiO,  ■  nif  l 

D.I  .Mendeleyev  obtained  a  leuconed  by  the  hydrolysis  of  silicochloroform,  and  regard' 
ed  it  as  an  oxysilane  (Bibl.8). 

The  hydrolysis  of  fluorosilane  proceeds  somewhat  differently.  When  fluorosil- 
anes  react  with  water,  HP  is  formed  at  the  first  instant,  and,  as  is  well  known, 
easily  disrupts  the  bonds  between  the  silicon  atoms  and  the  atoms  of  most  elements. 
As  a  result  of  the  hydrolysis,  a  number  of  substances  are  obtained:  hydrogen, 
fluo silicic  acid,  and  a  polysiloxane  containing  a  very  small  number  of  Si-H  bonds. 

In  the  molecule  of  mono,  di,  or  trihaloeilane,  the  halogen  attached  to  the 
silicon  atom  has  the  same  properties  as  the  halogen  atom  in  the  tetrahalosilane 
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molecule  -  the  halogen  le  not  only  subject  to  hydrolysis,  but  is  also  easily  replac¬ 
ed  by  alkoxy  groups,  and  reacts  with  organomagnesium  compounds,  etc.  In  these 

cases,  the  -Si-H  bonds,  as  a  rule,  are  preserved  (in  the  absence  of  alkalies,  HF  or 

oxidants). 

When  a  benzene  solution  of  trlchlorosilane  reacts  with  alcohols,  trialkoxysil- 
anes  may  be  obtained: 

IlSiCI,  -f  3ROH  =  HSi(OR):l  -i-  31 ICI 

In  this  way  triethoxy,  tripropoxy,  and  tributoxysilanes  (Bibl.38),  as  well  as 
various  esters  of  higher  alcohols  have  been  prepared  (Bibl.119).  Tetraalkoxy  sil¬ 
anes  are  always  foraed  as  a  by  product  of  the  reaction,  and  in  the  absence  of  a  sol¬ 
vent  the  yield  of  trlalkoxysilanes  is  considerably  lower,  and  the  main  product  of 
the  reaction  is  a  tetraalkoxysilane. 

On  the  reaction  of  trlchlorosilane  with  methylmagnesium  bromide  (Bibl.120), 
with  ethyl-,  phenyl-,  or  benzylmagnesium  bromide  (Bibl.121),  and  also  with  organo- 
magnesium  compounds  with  a  longer  carbon  chain,  (up  to  C-^g)  (Bibl.122),  products  of 
the  partial  or  total  alkylation  of  trichlorosilane  are  formed,  preserving  the 

I 

-Si-H  bonds. 


I  ISiU;,  -r  RMkX  IISiRU*  V\«\<  I 
I  ISiRC  I,.  H-  R.M«X  •  I  ISiR/:i  +  ,M«X<  I 
I  iSiR,«:i  +  RMkX  =  I  ISiR:i  +  AUtXCI 


Under  the  action  of  metallic  sodium  on  a  mixture  of  trichlorosilane  and  alkyl 
halides,  trialkylsilanes  are  formed,  for  instance  triisobutylsilane  and  triisoamyl- 
silane  (Bibl.38). 

The  reaction  of  halosilanes  with  dialkylzinc  likewise  leads  to  the  formation  of 


F-TS-9191/V 


124 


alkylsilanes  (Bibl.117) 


]  l,Si( -I  -4“  Zn(( *1  l.i )'j  *  I IjSil.l  1^  +  2n<  .1 1.*|( .! 

The  mono-,  di-,  and  trihalo silanes,  like  the  silanes  themselves,  oxidize 
readily* 

I 

— Si--I I  +  <>  -  —Si— oil 

I 

They  are  therefore  strong  reducing  agents,  like  the  silanes. 

i 

When  mono-,  di-,  or  trichlorosilanes  react  with  strong  alkalies  (best  of  al' 
with  3056  KOH),  the  hydrolysis  is  accompanied  by  the  quantitative  destruction  of  the 

I 

-Si— H  bonds,  a  hydrogen  molecule  being  liberated  at  each  of  them: 

i— H  +  KOH - >  —Si — OK  +  H, 

I 

I 

The  detexmination  of  the  number  of  -Si-H  bonds  in  silicon  compounds  is  based  on 

I 

this  reaction. 

The  halosllanes  have  a  tendency,  which  they  share  with  most  silicon  cor pounds, 
to  fora  symmetrical  molecules  when  heated: 

4HSICI, - >  3SiCI«  +  SiH, 

It  has  recently  been  found  (Bibl.123)  that  unsaturated  compounds  may  add  to 
halosllanes  (as  well  as  to  alkylhalo silanes)  at  temperatures  lower  than  the  decom¬ 
position  points  of  the  unsaturated  hydrocarbon* 

I  ! 

— Si— II  +RCII-aiR'  *  —  Si-CHKCIUR' 

I  I 

This  process  readily  takes  place  in  the  presence  of  peroxides,  or  when  the 

1$5 
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compounds  are  irradiated  with  ultraviolet  light.  Under  these  conditions,  the  weak 


-Si-H  bond  is  broken,  t^us  creating  the  conditions  for  the  formation  of  the  -Si-C 

bond.  Trie hloro silane  reacts  most  easily  of  all  with  n-octene;  and  octyltrichloro- 
silane  is  formed  by  this  reaction: 

<:i,Siii  +  cn,^aic,Hls  -  -  a,siC,H,, 

Methyldichlorosilane  Ch^SiHCl2,  d imethylc hlo ro s ilane  (CHjJjjSiHCl  and  many 
other  alkylchlorosilanes,  react  similarly,  and  a  number  of  alkylchlorosilanes  with 
complex  carbon  radicals  can  be  obtained  in  this  way. 

When  the  reaction  is  run  at  a  temperature  of  the  order  of  500°C,  pyrolysis  of 
the  unsaturated  compound  may  take  place;  when  trichloroethylene,  for  example, 
reacts  with  trichlorosilane,  dichhlorovinyltric hloro silane  is  formed  (Bibl.124): 

«.i..o  (.111:1  •  ►  nci  +  cic:-a:i 

CIO*  0:1  -hllSiCI,  >  IICIC-CCISiQ, 

Alkyl enec hlo rosilanes  may  also  react  with  chlorosilsnes,  for  instance 
(Bibl.125): 

usk.i,  h-  * :i,si -  c:i i=c;i i3  >  aasicii/:n^ia, 

forming  compounds  containing  organic  radicals  between  the  silicon  atoms. 

Trichlorosilane  may  add  to  the  double  bonds  of  rubber.  This  reaction  is  con¬ 
ducted  in  a  benzene  solvent  at  temperatures  of  the  order  of  30C°C  and  pressures  of 
about  60  atm  (Bibl.126). 

When  trichlorosilane  reacts  with  benzene  at  temperatures  of  750  -  770°C,  a 
small  quantity  of  phenyltrichlorosilane  (Bibl.127)  may  be  formed.  The  reaction  be¬ 
tween  trichlorosilane  aad  ethyl  chloride  takes  place  at  320°C  and  130  atm: 

1  isi<  :i:,  r  0,1  i,oi  >  ( .,1  i,Si<  :i,  +  h<  ;i 
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OXIDATION  OF  HALOSILANES  INTO  POLYHALOSILOXANES 

The  oxidation  of  the  halo-derlvatlvee  of  silicon  at  elevated  temperatures  by 
the  oxygen  of  the  air  leads  to  the  formation  of  a  mixture  of  polyhalosiloxanes. 

The  end  product  of  oxidation  is  Si02. 

The  greater  affinity  of  the  silicon  atom  for  oxygen  than  for  iodine,  chlorine, 
or  bromine,  is  (Depressed  in  the  difference  between  the  heat  of  formation  of  the 
respective  compounds  from  the  elements: 

Heat  of  Formation, 
kcal/mol 

Si02  .  205 

SiF^ .  360 

SiCl4 .  151 

SiBr4 .  71 

Sil4 .  7 

It  will  be  seen  from  these  data  that  the  oxidation  of  chlorides,  bromides  and 
iodides  of  silicon  must  be  accompanied  by  the  liberation  of  heat,  while  the  oxida¬ 
tion  of  silicon  fluoride  must  take  place  with  a  considerable  absorption  of  heat. 
Direct  measurements  of  the  heat  of  oxidation  of  halo-substituted  silanes  have  not 
been  made. 

The  reaction  of  tetrahalosilane  with  oxygen  in  the  initial  stage  of  the  reac¬ 
tion  can  be  expressed  by  the  equations: 


45iX«  -I-  O,  -  2X,SK)SiX,  +  2Xa 
-’XaSiOSiX,  +  2SiX»  +  O,  -  2X*SiOSiX,OJ>i\,  +  jXg 

Linear  and  cyclical  polyhalosiloxanes  are  subsequently  formed.  On  the  oxida¬ 
tion  of  SiCl^  (Bibl.129),  the  optimum  temperature  for  obtaining  the  intemediate 
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reaction  products  is  950  -  970°C.  Of  the  reaction  products  obtained  on  the  inter¬ 
action  of  SiCl^  vapor  with  oxygen,  hexachlorodisiloxane  and  octachlorocyclotetrasil- 
oxane  have  been  isolated.  At  a  still  higher  temperature,  silica  is  obtained: 

SiCi4  +  o,»Si(),  +  aci, 

For  the  oxidation  of  SiBr^  into  polybromosiloxanes,  the  optimum  reaction  tem¬ 
perature  must  be  670  -  695°C.  When  a  mixture  of  SiCl4  vapor  with  oxygen  is  passed 
through  a  tube  heated  to  that  temperature,  a  mixture  of  SiBr^  and  oxidation  products 
(Bibl.130)  of  the  following  composition  is  obtained: 

i 

Yield, 


% 

Heocabromodisiloxane  Br^SiOSiBr-j  . . 14.4 

Octabromotrisiloxane  Br3Si0SiBr20SiBr3 .  29.6 

Octabromocyclotetrasiloxane  (SiOBr2)4  .  30.4 

Decabromotetrasiloxane  B^SiOCSiOB^J^iB^  .  10.4 

Oodecabromopentasiloxane  Br^iOCSiOBrg^SiB^  ....  9.6 


The  oxidation  of  SiB^  by  ozone,  or  by  heated  silver  oxide,  leads  only  to  the 
formation  of  silica. 

The  oxidation  of  the  halosilanes  has  been  very  little  studied.  By  means  of  the 
photochemical  oxidation  of  trichlorosilane,  trichloro hydroxy silane  has  been  obtained 
(Bibl.10): 

HbM'li  4-0  =  HOSiCI, 

The  product  is  easily  condensed  into  hexachlorodisiloxane  and  is  readily 
hydrolysed. 

On  the  oxidation  of  tribromosilane  KSiB^,  silica  is  formed  at  temperatures  as 
low  as  90°C,  together  with  HBr  and  the  hydrolysate  of  tribromosilane,  polyhydrosil- 
oxane  (Bibl.130)  (H5i0^f3)x«  It  has  not  been  possible  to  isolate  the  intermediate 
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oxidation  products. 

The  halosilanes  containing  more  than  one  hydrogen  atom  attached  to  the  silicon 
atom  are  very  energetically  oxidized  and  usually  ignite  spontaneously  in  the  air. 

Preparation  of  Halosiloxanes  from  Silicon  and  a  Mixture  of  Halogen  and  Cbcveen 

The  most  convenient  method  of  preparing  the  halosiloxanes  is  the  action  of  a 
mixture  of  halogen  and  oxygen  on  silicon.  When  chlorine  and  oxygen  (in  volume  ratio 
2  :  1)  is  passed  over  porcelain  at  a  temperature  of  the  order  of  800°C,  a  mixture 
containing  a  number  of  silicon  oxychlorides  is  formed,  from  which  hexachlorodisil- 
■ oxane,  octachlorotrisiloxane,  octachlorocyclotetrasiloxane,  decachlorotetrasiloxane, 
dodecachloropentasiloxane,  tetradecachlorohexasiloxane,  and  hexadecachloropentasil- 
oxane  have  been  isolated  by  rectification  (Bibl.131).  The  analogous  reaction  with 
bromine  at  700°C  forms  a  mixture  (Bibl.130)  containing  SiBr^  and  the  following  poly- 
bromosiloxanes : 

Yield, 


Hexabromodisiloxane  SijOBr^  ........  20.6 

Octabromotrisil oxane  Si ^O^rg  •••••••  49.4 

Uctabromocyclotetrasiloxane  Si^O^Brg  ...  1 

Oecabroraotetrasiloxane  Si^O^Br^Q  •  •  •  •  •  12.4 

Dodecabroaopentasiloxane  Si^O^Br^  •  •  •  •  10.3 

Higher  Polybrowsilaxanea  •  •  . .  6.2 


The  Properties  of  Halosiloxanes 

The  polyhalo siloxanes ,  being  acid  chlorides  of  the  polys ilicic  acids,  are 
completely  analogous  to  the  tetrahalosilanes  in  their  chemical  properties.  The  re¬ 
actions  of  the  hydrolysis  of  these  compounds  proceed  according  to  the  same  pattern 
as  the  hydrolysis  of  tetrahalosilanes,  which  has  been  considered  in  detail  on  the 
example  of  SiCl^,  the  rate  of  hydrolysis  being  considerably  decreased  with  increas¬ 
ing  length  of  the  siloxane  chain  (Bibl.131)*  The  reaction  with  hydroxyl-containing 
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compounds  proceeds  In  the  same  way  as  with  the  tetrah&losilanes ,  but  at  a  slower 
rate*  Thus,  the  reaction  of  hexachlorodisiloxane  with  alcohols: 

'  USiOSiCI,  6GllsOll  =  (Cjl  IjO)3Sii )Si((  )C5I  Ij),  -t-  filici 

if  the  HC1  is  removed  (by  aspirating  dry  nitrogen  through  the  reaction  mixture),  is 
completed  only  at  105°C*  The  analogous  reaction  with  octachlorotrisiloxane  is  com¬ 
pleted  at  125°C,  and  with  tetradecachlorohexasiloxane  (Bibl.132),  at  160°C. 

When  hexachlorodisiloxane  reacts  with  alcohol,  considerable  amounts  of  tetra- 

alkoxysilanes  may  be  obtained,  besides  the  polyalkoxysiloxanes  (Bibl.133). 

» 

2Si.jOCl,  +  12ROII  ■■  Si  (OR  U  +  <UO),SiOSi(OK),t>Si(<)R ),  +  I2IICI 

The  fonnation  of  tetraalkoxysiloxanes  may  be  explained  by  the  fact  that  the  HC1 
liberated  during  the  reaction  helps  to  disrupt  the  siloxane  bond. 

The  esterification  of  polybromosiloxanes  by  alcohol  is  very  difficult  to 
accomplish,  since  the  HBr  liberated  reacts  readily  with  the  alcohol,  thus  forming 

I 

water,  which  hydrolyzes  the  -Si-Br  bond*  This  reaction  may  be  effected  (Bibl.130) 

by  the  action  of  sodium  alcoholate  on  polybromo siloxane. 

The  action  of  halosilaxanes  on  organomatallic  compounds  leads  to  the  foraation 
of  o rganohalosiloxanes  or  organoslloxanes .  Thus,  whan  hexachlorodisiloxane  reacts 
with  ethylmagnesium  bromide,  from  1  to  6  chlorine  atoms  can  be  replaced  (Bibl,134): 

G*SiOSiG,  +  CjH.MgBr  -  QH.SiGjOSiG,  +  MgCIBr 

The  reaction  of  hexachlorodisiloxane  with  methylmagnesium  iodide  and  phenyl- 
magnesium  bromide  takes  a  similar  course. : 

When  hexachlorodisiloxane  reacts  with  haloalkyl  and  metallic  sodium  (Bibl.78), 
the  siloxane  bond  is  split,  forming  tetraalkyi-(tetraaryl)-silanes*  If  this  process 
is  conducted  in  two  stages,  however,  the  derivative  of  disiloxane  is  the  principal 
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product  (Bibl.135) 


C.I  l*CI  +  2Na  ~  C,H4Na  +  NaCI 
CltSiOSiCIs  +  6C«H»Na  =  (C,H,),SiOSi(C,Hj).,  +  6NaCI 


Diethylzinc  reacts  with  hexachlorodisiloxane  to  form  a  mixture  of  heocaethyl- 
dlsiloxane  and  tetraethylsilane  (Bibl.136). 

The  haloslloxanes  are  thermally  stable  compounds;  thus,  when  hexabromodisilox- 
ane  is  heated  (Bibl.130),  it  begins  to  decompose  only  at  a  temperature  above  260°C: 


2Si/)Br,  =  3SiBr4  +  SiO,. 


Table  7  gives  the  physical  properties  of  the  polyhalosiloxanea . 


Table  7 

Physical  Properties  of  Low  Molecular  Polyhalosilaxanes 


a) 


‘ex»fluorodi»ilox«i)e . 
nt«J|uoro^hl^°dij;iox«ni 


etrafluorc 
ailoxane . 


Tri f juorotr ichlorod i - 
ailoxane 

Fexachlorodiailoxane 

Dctachlorotnailoxane 

Octachlorocyclotetra- 


I 


Hexed* each loropen ta - 
ailoxane 
Fexabromod  ia  i  loxane 
Qc  tabronotr  is  i  loxane 
Octabromocyc  lote  tra  - 
si loxane 

pecabranotetraai loxane 
Lodecabr  cawpen  taa  1  loxane 
Te t radecabroanhexa - 
ailoxane 


1 

b) 

i  c) 

<0  ! 

i 

•) 

Si«OI-4 

- -47,8 

...... 

23,3 

155 

SijOlV-l 

... 

- 

155 

Sij()F|Cls 

-60,0 

16,6 

155 

SiiOFjUj 

,  ■  -  lot; 

♦2.9 

155 

SijOCl, 

■  36 

137 

131 .150 

SijOgCI, 

76.0  ( 15  mm) 

131 

Si40«CI, 

77 

9|  (15  mm) 

131 

Si«OfCI,„ 

i 

109—110,0  (15  mm) 

131 

Si|0(Cli: 

| 

130-131  (15  mm) 

131 

Si(0|CI|« 

— 

1 30 — 141  (15mm) 

131 

Si, 0,0 1* 

— 

145-147  (15mm) 

131 

SijOBr, 

;  27,9*0,1 

,  118(15  mm)  j 

130 

.SijOjBr, 

1  17,5*0,2 

j  159  ( 12  mm) 

130 

Si404Br, 

j  123-123,5 

155  (7  mm) 

130 

Si40,Bri« 

;  -91*2 

j  122  (0,5  mm) 

130 

Si404Br,j 

1  — 82  *  2 

i  150  (0,5  mm) 

130 

Si,OiRr,i 

1  -78 

160  —  180  (0.5  mm\  j 

I3n 

a)  Marne;  b)  Formula;  c)  Melting  Point  °C;  d)  Boiling  Point  °C; 

e)  Bibliography 
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HALOSUBSTITUTED  POLYSILANES 

As  has  already  been  pointed  out,  the  direct  bond  between  two  silicon  atoms  Is 
very  unstable;  the  strength  of  such  bonds  depends  primarily  on  the  atoms  or  groups 
with  which  the  remaining  valances  of  the  silicon  are  bound.  The  derivatives  of  the 
polysilanes  are  fairly  stable  only  where  all  the  valences  of  the  silicon  not  bound 
to  neighboring  silicon  atoms  are  bound  to  atoms  of  halogen  or  organic  radicals, 
especially  with  phenyl  radicals.  The  Instability  of  polyhalosilanes  Increases  with 
the  number  of  silicon  atoms  in  the  chain,  and  the  preparation  of  substituted  higher 

I 

silanes  therefore  involves  certain  difficulties. 

The  simplest  method  of  preparing  polychlorosilanes  is  the  chlorination  of 
silicon  or  ferrosilicon  at  180  -  20CPC.  According  to  the  data  of  Martin  (Bibl.2), 
the  reaction  products  contain,  in  addition  of  S1C14,  5»l£  of  SijgCl^  and  0.35£  of 
S^Clg,  as  well  as  a  slight  quantity  of  higher  polychlorosilanes. 

Another  method  of  preparing  polyhalosilanes  is  the  condensation  of  trihalosil- 
anes  HSil-j  under  the  action  of  an  electric  glow  discharge  (Bibl.137).  Trichlorosil- 
ane  yields  a  mixture  of  polychlorosilanes  up  to  Si^Cl^;  tribromosilane,  a  mixture 
of  polybromosilanes  up  to  and  including  Si^Br^o* 

Hmabromodisilane  is  foraed  in  high  yield  by  the  action  of  bromine  or  a  mixture 
of  bromine  and  oxygen  on  calcium  silicide  (Bibl.137). 

Hexaiodosilane  (Bibl.138)  was  obtained  earlier  than  other  hexahalo silanes  by 

heating  tetraiodosilanes  with  silver  dust, at  300^0: 

« 

3SiJ«  +  2Ag  *  >  JsSiSiJs  +  2A*J 

When  mercuric  chloride  acts  on  heocaiododisilane,  hcxachlorodisilane  may  be 
obtained: 

Si,J,  +  31  l«CI,  —  >  SisCU  +  3HgJ, 
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and  when  bromine  acts  on  it,  h«abromodi silane: 


Si,J,  -f  3Br:  w  bijBr,  -4*  iJJ, 


The  most  convenient  method  of  preparing  h eccaf luo rod i s ilane  (together  with 
tetrafluorosilane)  is  the  fluorination  of  hsxachlorodisilane  by  anhydrous  zinc 
fluoride* 

There  are  statements  that  under  the  action  of  tetrahalosilanes  on  silicon  at  a 

high  temperature,  polyhalo silanes  are  formed  (Bibl.139).  In  this  way  heocachloro- 

disilane  and  hexafluorodisilane  have  been  obtained.  Relatively  recently  (Bibl.140) 

■ 

polysilanes  containing  ten  directly  connected  silicon  atoms  in  the  molecule  have 
been  described*  These  products  were  prepared  by  passing  SiCl^  in  a  stream  of  inert 
gas  or  hydrogen  through  a  furnace  filled  with  silicon  rods*  The  reaction  takes 
place  at  1000  -  1100°C.  The  reaction  product  is  a  viscous  liquid  distilling  in  a 
high  vacuum  at  215  -  220°C*  The  method  of  analysis  of  this  product,  its  elementary 
composition,  molecular  weight  (cryoscopie),  and  number  of  bonds  and  number  of 

1  1  I 

-Si-H  and  -Si^-Si-  bonds  (by  treatment  with  alkali)  are  described  in  detail.  On  the 

I  I  I 

basis  of  the  analytical  data,  the  authors  of  this  paper  assign  the  formula  Si^Cl^g 
to  the  product  of  the  reaction  of  SiCl^  with  silicon  in  a  stream  of  inert  gas,  and 
the  formula  3i]_oCl20H2  t°  the  product  obtained  in  a  stream  of  hydrogen. 

On  pyro'ysis  of  these  products,  an  insoluble  hard  polymer  containing  equimole- 
cular  quantities  of  chlorine  and  silicon, .and  stable  against  the  action  of  oxygen  up 
to  a  temperature  of  98°C,  is  formed*  It  is  not  possible  to  elucidate  the  structure 
of  the  polymer  on  the  basis  of  the  data  given  in  this  paper  alone*  It  is  difficult 
to  agree  with  the  formula  given  -3i«3i»8i*Si->;  the  formation  of  high-molecular 

u<u 

space  polymers  should,  in  preference,  be  supposed* 

Most  polyhalosilanes  are  solid  crystalline  substances;  only  the  polychlorosil- 
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anes,  up  to  and  including  SijCl^j  are  liquids,  while  hexafluorodisilane  is  a  gas. 

Like  the  halo silanes,  the  polyhalo s ilanes  readily  hydrolyze  to  form  polysilox- 
anes.  The  chlorine  atom  enters  into  all  reactions  characteristic  of  the  halosil- 
anes  and  described  above  (cf.page92).  In  addition,  a  number  of  the  chemical  pro¬ 
perties  of  polyhalo silanes  are  due  to  the  presence  of  the  -Si-Si-  bond,  for  cocample 

II 

all  these  compounds  are  easily  oxidized  when  heated  in  air. 

The  oxidation  of  polyhalosilanes  lead  to  the  formation  of  silica  (Bibl.130). 

2SisBr,  +  O.  -  SiO,  +  :«iBr4 

The  reaction  takes  place  at  temperatures  over  250PC, 

The  reaction  of  hexachlorodisilane  with  ethyl  alcohol  leads  to  the  formation, 
in  insignificant  yield,  of  hcocaethoxydisilane  (Bibl.141): 

SijCI.  ()<y  l*OH  SijfO-jM*).  4-  CHC'.I 

When  propyl  alcohol  acts  on  SijjCl^,  the  principal  product  is  tetrapropoxysil- 
ane  (Bibl.119),  with  12%  of  haxapropoxydi silane. 

Under  the  action  of  organomagnesium  compounds  on  hexachlorodisilane,  it  is 
possible  to  prepare  hsxaalkyl- (hexaaryl )-disilanes  (Bibl.135): 


Under  the  action  of  sodium  on  a  mixture  of  hexachlorodisilane  and  an  alkyl  or 
amyl  halide,  tetra-substituted  silanes  are  formed.  However,  when  the  reaction  is 

I  I 

run  in  two  stages,  the  -Sir-Si-  bond  can  be  preserved  (Bibl.135). 


G*H*CS  4"  2Nu  =•  C*H*Nu  4  NaCl 
SijCI,  +  6C.H.N.-.  »  Si,(QM,),  4-  f»Na<  I 


U4 
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When  polyhalo silanea  react  with  an  alkali  (best  of  all  with  30$  KOH),  one  mol 

I  I  I 

of  hydrogen  is  liberated  at  each  -Si-Si-  bond,  as  with  the  -Si-H  bonds; 


— Si-L- 


!  ! 


+  2KOH 


—  >2 — ii — < 


OK  -f"  1 1 • 


The  quantitative  determination  of  the  number  of  -Sir-Si-  bonds  in  the  polysilane 

molecules  is  based  on  this  reaction* 

The  polyhalo  silanes  have  not  yet  found  practical  application* 

Table  S  gives  the  properties  of  halo-derivatives  of  the  higher  silanes: 

Table  8 


Physical  Props*  wies  of  Halo-Derivatives  of  the  Higher  Silanes 


A) 

*) 

o 

“C 

d) 

•C 

«) 

Hex*  f  luorod i* j lane 
nexach lorogif i lane 
Hexabranqdiailane 
Hexaiodadxailane 

Fentabr  omodi# i jane 
Uctachlorotriailene 

Oc  tabraeiotriai  lane 
Cecachlorotetraailane 
Decabronote  trasi lane 
Dodecachloropentaai lane 
le  tradecachlorohexasi lane 
Dodidecachlorodecaai lane 

Si,F, 

Si«Cl« 

SifBr, 

Si»J. 

Si,HBr, 

Si«CI( 

Si,Br» 

Si«Br„ 

Si,CI|, 

Si,Cl|« 

S'wCIfc 

— 18,8  (780mm) 

95 

250 

2 

-07 

133 

|Hf» 

170  (w.y*rof) 

aublimci 

146—148 

265,0 

89 

216 

1 4i» — 151 

150  (15  mm) 

200  (  ) 
210— 215  I0~* 

139 
1.151 

152 

153 
156 

1,137 

152 

110 

140 

154 
137 
140 

a)  Name;  b)  Fonulas;  c)  Melting  Point,  °C;  d)  Boiling  Point,  °C; 

e)  Bibliography 
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CHAPTER  III 


ORGANO-SUBSTITUTED  SILANES 

Hydrogen  and  halogen  atoms  and  alkcocy  groups  in  the  molecules  of  silanes  and 
their  derivatives  may  be  replaced  by  organic  radicals ,  forming  substituted  silanes 

I  I 

containing  bonds.  The  thermal  and  chemical  stability  of  such  compounds  is 

I  I  I 

considerably  higher  than  the  stability  of  compounds  containing  the  -Si-H  or  -Si-Si— 
bonds. 

Organo- substituted  silanes  may  be  arranged  in  the  following  series  in  the  order 
of  increasing  stability* 

I  IjSiR  <  I  IjSiRi  <  I  ISiR,  <  SiR. 


Completely  substituted  silanes  Sify  possess  the  greatest  stability,  and  very 
many  compounds  of  this  type  have  been  prepared.  Compounds  of  the  type  H^SiR  or 
HgSiRg  are  less  stable,  and  in  view  of  the  difficulties  in  their  synthesis,  con¬ 
siderably  fewer  of  them  are  known  than  Sify  compounds. 

Methylsilane  CH^SiH^  and  dimethylsilane  (ClfcpjgSi^  were  synthesized  in  1919 
(Bibl.l),  while  compounds  of  the  type  RjHSi  have  long  been  known.  Thus,  tri ethyl- 
silane  and  triphenylsilane  (C^J^iM  were  synthesized  as  long  ago  as 

1872  (Bibl.2),  and  tripropyl silane  (C^H^)^SiH  was  also  synthesized  in  1872  (Bibl.3). 
Tetraethylsilane  (CgHj^Si  was  synthesized  in  1863  (Bibl.4).  Other  derivatives  of 
the  SiR^  type  have  been  studied  by  many  investigators.  Organo- substituted  di-  and 
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trisilanes  were  prepared  by  Kipping;  substituted  tetra,  penta  and  hexasilanes  are 
unknown  down  to  the  present  time. 

The  principal  methods  of  preparing  substituted  silanes  may  be  reduced  to  three 
types: 


1*  Preparation  of  substituted  silanes  by  the  action  of  various  organometallic 
compounds  on  silanes ,  chlorosilanes,  alkyl-  and  arylchloro silanes. 

This  method  has  permitted  the  synthesis  of  many  organo-substituted  silanes. 

The  first  reactions  were  conducted  by  the  action  of  organozinc  or  organomercury 
compounds  on  SiCl^  (Bibl.5).  The  reaction  takes  place  with  great  difficulty  and 
requires  a  high  temperature  and  prolonged  heating,  as  a  result  of  which  this  method 
has  lost  not  only  its  practical  interest  but  also  its  interest  from  the  point  of 
view  of  synthesis.  Substituted  silanes  today  are  prepared  by  the  action  of  organo- 
magnesium  compounds  and  SiX^.  The  reactidn  between  SiCl^  and  ethylmagnesium  iodide 
was  accomplished  in  1904  (Bibl.6).  All  four  possible  products  were  obtained: 
ethyltrichlorosilane ,  diethyldichlorosilane,  triethylchlorosilane,  and  tetraethyl- 
silane.  On  reaction  of  ethyltrichlorosilane  with  phenylmagnesium  bromide,  ethyl- 
phenyldichlorosilane  was  obtained  and  on  the  reaction  of  this  compound  with  propyl- 
magnesium  bromide,  ethylphenylpropylchlorosilane  was  obtained.  The  reaction  between 
chlorosilane  and  ethylmagnesium  bromide  in  equimolecular  ratio  led  to  the  formation 
of  ethyltrichlorosilane  almost  exclusively. 

Kipping  (Bibl.7)  in  1907  used  Qrlgnard's  reagent  to  prepare  a  number  of  mixed 
tetra-sub3tituted  silanes : 


i 

SiCI«  +  C,ll,M*Br - 

<yi,Sia,  +  <4ll,M«Br  - 


f, 

.Si'  4-  CJI.ClIjMgCI  - 
«4H»/  Na 


•  C*H,SiCI,  +  MgCIBr 
'>SiCII+  M«CIBr 

Si'  +  M#.IBr 

c,i w/  N:i 

(yijv  X.,l  I; 

si'  +Mgds 


i4a 
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.sr  h-<:ii»mkj  -  •  sr  +  m«<:ij 
<yi*'  N:i  <:,ll/  N;h, 

These  reactions  between  SiCl^  or  alkyl- (aryl )-halo silanes  and  Grignard»s  reac¬ 
tion  were  accompanied  by  the  formation  of  a  considerable  quantity  of  by  product. 

A  disadvantage  of  this  method  is  the  need  for  using  ether,  which  involves  the 

* 

danger  of  fire.  I  have  proposed  a  method  for  conducting  this  reaction  without  ether 
in  a  medium  of  aromatic  hydrocarbon  in  the  presence  of  the  ethyl  ester  of  orthosil- 
icic  acid  as  a  catalyst.  This  method  has* acquired  practical  importance  (Bibl.8). 

To  prepare  substituted  silanes,  the  halo-derivatives  of  silicon,  Sil^,  may  be 
used,  where  X  -  Cl,  Br,  I,  or  7.  The  replacement  of  the  halogen  by  an  organic  radi¬ 
cal  takes  place  more  easily  when  SiBr^  is  used  than  with  SiCl^,  but  even  in  this 
case,  it  is  very  difficult  to  replace  the  fourth  halogen  atom,  and  a  mixture  of 
products  of  all  four  degrees  of  substitution  is  usually  obtained. 

SiF^  reacts  with  organomagnesium  compounds  with  more  difficulty  than  SiCl4,  and 
when  SiF^  is  used,  tetra-substituted  silanes  cannot  be  obtained.  They  nay  be  syn¬ 
thesized  by  the  action  of  sodium  silicofluoride  (Na^iFg)  on  Grlgnard*s  reagent 
(Bibl.10). 

The  tetra-substituted  silanes  are  easily  formed  by  replacing  the  alkaxy  groups 
by  an  organic  radical  under  the  action  of  organomagnesium  compounds  and  alkyl-  or 
aryl-substituted  esters  of  orthosilicic  acid.  The  reaction  is  run  without  using 
ethyl  ether  and  at  somewhat  higher  temperatures.  This  method  is  very  simple  and 
convenient  for  preparing  substituted  silahes  containing  various  numbers  of  organic 
radicals  (Bibl.ll). 

The  organolithium  compounds,  as  was  first  shown  by  K.A.Kocheshkov  and  V.A. 
Zasosov  (Bibl.12)  may  be  successfully  used  in  the  synthesis  of  substituted  silanes 
of  the  Sify  type.  The  reaction  takes  place  between  alkyllithium  or  aryllithium  and 
SiCl4  with  the  complete  or  partial  replacement  of  the  halogens  by  organic  radicals 
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(Bibl.13,  14)*  The  organolithium  compounds  react  in  the  same  way  with  partially 
substituted  silanes  (Bibl.15). 

.  H;1SiII  J  R'l.i  ■  H:,SiR'  +  l.ill 

The  ethyl  ester  (or  ethylthio-ester)  of  orthosilicic  acid  reacts  in  ethereal 
solution  with  alkyllithium  or  aryllithium  compounds,  giving  a  good  yield  of 
tetra-substituted  compounds  (Bibl.l5a). 

2.  Preparation  of  substituted  silanes  by  the  action  of  sodium  (the  Wurtz  re¬ 
action)  or  of  other  metals  on  a  mixture  of  alkyl  or  aryl  halide  and  halosilane. 

This  reaction  was  first  used  by  Polis  in  1871>  who  acted  on  SiCl/^  with  an 
alkyl  halide  and  metallic  sodium  (Bibl.l6).  The  reaction  takes  place  according  to 
the  formula t 


4RX  -h  Sid,  +  8Na  —  -  MNaG  +  SiK« 

The  action  of  sodium  on  a  mixture  of  aryl  or  alkyl  halide  and  hexachlorodisil- 
ane  or  hexachlorodisiloxane  leads  to  the  destruction  of  the  Si-Si  and  Si-0  bonds  and 
the  formation  of  tetra-substituted  silanes.  The  substituted  disilanes  and  disilox- 
anes,  such  as,  for  instance,  heocaphenyldisilane,  do  not  react  even  on  boiling  with 
an  excess  of  sodium  for  10  hours  (Bibl.17). 

When  sodium  in  chlorobenzene  acts  on  hexachlorodisilane  or  hexachlorodisilox¬ 
ane,  certain  quantities  of  tetraphenylsilane  are  obtained  in  each  case,  but  the 
principal  products  are  hexaphenyldisilane . and  hexaphenyldisiloxane  respectively. 

When  hexachlorodisilane  reacts  with  sodium  and  benzylchloride,  hexabenzyldisilane 
is  obtained.  A  number  of  tetra-substituted  silanes  and  halosiloxanes  have  been 
prepared  by  this  method. 

The  reaction  between  sodium,  alkyl  or  arylhalo silanes,  and  halosilanes  has  been 
studied  by  many  investigators.  It  has  not  lost  interest  even  today,  but  the  syn¬ 
thesis  of  the  tetra-substituted  silanes  is  more  conveniently  carried  out  with 


F-TS-9191/V 


146 


organomagnesium  compounds  (Bibl.18).  Aromatic  and  aliphatic  hydrocarbons  may  be 
used  as  solvents.  The  reagents  may  be  various  halo silanes,  alkyl-  and  aiylhalosil- 
anes  (Bibl.19).  The  tetra-substituted  silanes  may  also  be  conveniently  prepared  by 
means  of  organolithium  compounds  (Bibl.l9a). 

3*  Preparation  of  substituted  silanes  by  the  direct  action  of  an  alkyl  or  aryl 
halide  on  elementary  silicon  or  on  alloys  of  silicon  with  copper  or  other  metals. 

This  method  is  important  primarily  in  the  synthesis  of  alkyl-  and  arylchloro- 
silanes.  The  reaction  takes  place  at  temperatures  of  280  -  450°C;  and  it  yields 
mainly  alkyl-  or  arylchlorosilanes  with  a  certain  quantity  of  tetraalkyl-  and  tetra- 

e 

arylsilanes.  The  conditions  under  which  tetra-substituted  silanes  are  obtained  by 
this  method  have  been  little  studied. 

MONO-SUBSTITUTED  SILANES 

Methylsilane  CH^SiHj  has  been  prepared  by  the  reaction  between  monochlorosilane 
with  dimethyl zinc  by  the  vapor-phase  method  at  low  concentrations  of  the  reagents. 

llaSiCI-;  Zn(CII.,(;.  •  ClljSill.,  +.:il,2nCI 

With  a  small  excess  of  methyl zinc,  the  yield  of  methylsilane  is  quantitative  (with¬ 
out  admixture  of  by  products). 

Methylsilane  is  a  gas;  melting  point  -156. 5°C;  boiling  point  -57°C;  specific 
gravity  0.62  (at  -57°C).  It  does  not  ignite  in  air,  and  explodes  with  oxygen. 

Water  does  not  act  on  methylsilane,  but  alkali  cleaves  it.  Under  proper  conditions, 

* 

under  the  action  of  an  aqueous  solution  of  alkali,  aethyltrlhydroaysilane  is  formed: 

I 

<;ll»SiH,  +  w>  ---•  UUSitOtl),  +  311, 

and  condenses  into  a  complex  polymer.  The  references  in  the  literature  to  the  for¬ 
mation  of  an  acid  by  cleavage  of  water; 

( ;U,Si(OH)j  -  Cl  IjSiOOl  I  -r  H;<  > 
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have  not  been  confirmed  by  recent  work. 

Stock  (Bibl.20,  21)  described  the  energetic  evolution  of  hydrogen  as  a  result 
of  the  action  of  NaOH  on  methylsilane.  The  reaction  is  believed  by  the  author  to 
proceed  as  follows: 


NaOH 

Cl  l;iSi  I  Is  4-  21101 1  — •  •  CligSiOOl  I  -r  Jl  I,. 

NaOH 

^CHaJtSilliH-aMOI!  •  l(ClI,),SiO).,  +  4H: 


In  an  excess  of  alkali,  sodium  silanolate  is  fomed: 

|<CH,)sSiOj24-2\aOII  •  •  IIOll  -f  2(CH,)^i(O.Naj. 


An  interesting  method  of  preparing  mono  and  dialkyl silanes,  based  on  the  re¬ 
placement  of  chlorine  by  hydrogen  in  alkylchloro silanes,  was  described  a  few  years 
ago. 

Lithium-aluminum  hydride  was  used  as  the  hydrogenation  agent. 

Schematically  the  reaction  proceeds  as  follows: 

KSk:i,  +  :ui...  -■  RSiii»  +  ;iik:i 

Ethyl  silane,  propylsilano,  butyl silane,  phenylsilane,  diethyl silane,  and  dipropyl- 
silane  were  prepared  by  this  method  (Bibl.22). 

Under  the  action  of  HC1  and  AlCl^,  methylsilane  is  chlorinated,  with  the  forma¬ 
tion  of  methylehlorosilane  CH^SiHjCI  and  methyldichlorosilane  CHjSiHC^. 

DI-SUBS TITUTED  SILANES 

: 

Dimethylsilane  (CHjJgSil^,  like  methylsilane,  is  prepared  by  the  action  of  di- 
methylsinc  on  diohlorosilane,  or  by  chlorination  of  methylsilane  by  HC1  or  aluminum 
trichloride,  followed  by  the  reaction  of  the  product  with  dimethylzinc 

<  ;i  I^Si  1 1,  +  !  v  :i  •  CH,SiH,Cl  +  H, 
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Dimethylsilane  is  a  gas;  melting  point  -150°C;  boiling  point  -20°C;  it  is  de¬ 
composed  in  alkaline  solutions ,  forming  a  polymeric  product  whose  elementary  compo¬ 
sition  corresponds  to  that  of  dimethylsilicone. 

(Cl  i,)jSil  I.  +  I  lj<>  •  ((CHj)sSiO)  +  21 1;. 

There  are  indications  in  the  literature  that  other  di-substituted  silanes  in 
the  pure  form  could  not  be  obtained  even  on  repeated  fractionation  (Bibl.23). 
Diethyl-  and  dipropyl  silane  were  first  prepared  only  in  1947  (Bibl.22). 

TRI-SUBS TITUTED  SILANES 

All  the  trl-substituted  silanes  are  liquids  or  crystalline  substances  under 
ordinary  conditions.  The  boiling  points  of  the  tri-substituted  silanes  are  over 
100°C,  which  facilitates  their  synthesis  under  laboratory  conditions. 

The  tri-substituted  silanes  are  usually  prepared  by  the  action  of  organozinc  or 
organomagnesium  compounds  on  trlchlorosilane.  Triethylsilane  (02115)33111  is  obtained 
when  ethylzlnc  reacts  with  tetrahexyloxysilane  in  the  presence  of  sodium.  Tri¬ 
propyl  silane  has  been  synthesized  by  reacting  propylzinc  with  trlchlorosilane  in  a 
sealed  tube;  in  this  case  tetrapropylsilane  is  also  formed  (Bibl.24). 

2SIHC1,  +  4Zn(C|Hj)j - -  SiH(C,H»),  +  (C,Hr)«Si  +  3ZnCI*  +  Zu  +  C,H, 

Trialkylsilanes  have  been  obtained  by  the  reaction  of  alkyl  chlorides  with  trl¬ 
chlorosilane  in  the  presence  of  metallic  dodium  (Bibl.25). 

I  ISiCI.  +  6N«  +  3RCI - *  HSiR,  +  6N«CI 

The  literature  data  on  the  synthesis  of  triphenylsilane  and  on  its  physical 
properties  are  very  contradictory. 

In  one  paper  it  is  stated  that  triphenylsilane  (C6H5)3SiH  is  obtained  in  the 
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fora  of  crystals  of  melting  point  200  -  203°C  (Bibl.26).  Kipping  and  Murray 
(Bibl.27)  advanced  the  hypothesis  that  on  the  destructive  distillation  of  octa- 
phenylcyclotetrasllane  Si^C^HjJg  by  them,  triphenylsllane  was  obtained  in  the  fora 
of  an  oily  product  that  did  not  solidify  at  0°C.  Other  investigators  (Bibl.28)  dis¬ 
pute  the  possibility  of  preparing  trlphenylsilane  by  these  methods  and  state  that 
the  substance  obtained  under  the  action  of  Grignard*  s  reagent  on  trichlorosilane  has 
a  boiling  point  of  152  -  167°C  (at  2  ion)  and  crystallizes  in  white  plates  from 
alcohol;  melting  point  36  -  37°C.  These  data,  however,  are  not  confirmed  in  the 
literature. 

Ladenburg  (Bibl.29)  heated  tetraphenylsilane  with  an  equivalent  of  bromine  on  a 
water  bath  and  then  with  a  105?  excess  of  bromine  for  8-10  hours  in  a  sealed  tube 
at  150°C;  as  a  result  bromobenzene  and  triphenylbromosilane  were  formed.  On  further 
bromination,  diphenylbromosilane  was  obtained  (Bibl.30). 

On  the  action  of  alkyllithium  or  aryllithium  on  trlethylsilane,  it  was  noted 
that  an  alkyl  or  aryl  radical  is  exchanged  for  hydrogen  (Bibl.31). 

(QH')»Si!  i  +  RL'i  •  •  l,)«SiR  +  Li  1 1 

Trlethylsilane  was  prepared  by  the  action  of  ethylmagnesium  bromide  on  ethyldi- 
chlorosilane. 

gV^,l  <  +  A*l  l*M«fBr  (1^  UfeSiH  +  2M|CIBr 

On  the  reaction  of  trlethylsilane  with  an  alkyllithium,  trlethylbutylsilane  and  tri- 
ethylphenylsilane  were  obtained.  Under  the  action  of  trlethylsilane  with  sodium- 
alcoholate,  hydrogen  is  given  off  and  trlethylethoxysilane  is  formed. 

In  1934  trlethylsilane  was  prepared  by  the  reaction  of  ethylmagnesium  bromide 
and  trichlorosilane.  (The  reagents  were  taken  in  molar  ratio  3:1*) 

A  method  of  preparing  trimethyl  silane  by  the  action  of  trichlorosilane  on 
methylmagnesium  bromide  has  been  described  (Bibl,33)  • 


F-TS-9191/V 


Tribenzylsilane  has  been  obtained  in  low  yield  by  reacting  sodium  with  tri- 
benzylchlorosilane  (Bibl.34,  35)  end  the  possible  mechanism  of  this  reaction  is  as 
follows: 


(1*1  I*Cl  It),SiU  4“  -Xa  *  (( *1  IftO  IgfoSiXii  4“  X«i(.l 
(UHftCHJaSiNa  +  HOI  I  NjiOII  +  (CrtI  I4Ci  IJsSil  I 

Tribenzylsilane  in  presence  of  a  solution  of  KOH  in  acetone  is  oxidized  to  haxa- 
benzyldisilcocane: 


2(Qtl,CH,),Sill  -t-  o  •  1 1*  •+*  |  (l  .»l  .1  i,),Si  )j< ) 

Triphenylsilane  has  been  prepared  in  73%  yield  by  the  action  of  phenylmagnesium 
bromide  on  trichlorosilane.  When  triphenylsilane  reacts  with  metallic  sodium  in 
liquid  ammonia,  hexaphenylaminodisilane  is  formed,  which  is  stable  to  boiling  NaOH. 
HC1  cleaves  this  amine,  forming  trlphenylhydroxysilane  and  ammonium  chloride.  It 
was  found  that  bromine  reacts  quantitatively  with  triphenylsilane  to  form  trlphenyl- 
bromosilane  and  HBr  (Bibl.36,  37). 

The  trialkylsilanes  are  liquids,  insoluble  in  water  and  soluble  in  many  organic 
solvents.  They  may  be  distilled  without  decomposition.  The  hydrogen  in  their  mole¬ 
cules  is  readily  replaced  by  bromine.  The  bromides  so  obtained  are  saponified  by 
water,  forming  the  corresponding  hyirocxyailaness 

(<*1  l,)*Sil  I  +  Hr.  •  (C,H,)»SiBr  +  HBr 
l^llsbSiBr  +  lIjO  -  •  (QH.hSiOU  +  IIBr 

t 

The  principal  properties  of  a  few  mono  ,  di  ,  and  tri-substituted  silanes  are 
given  in  Thbles  9  and  10. 
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Table  9 


Physical  Properties  of  Mono  ,  Di  ,  and  Trl-Substituted  Organosllanes 


“1 

1 

- *  - -  - 

. . 

a) 

b) 

C) 

d) 

1 

«>  f) 

Cl  1:, Sill., 

1  .  156.5  i 

! 

-  -57  1 

0.64  (-54®)  j  1,133 

Nethylsilane 

M:il.,).jSill4 

1  15(1 

■  -2d 

1.133 

Dime thy lai lane 

(CII,)»Sill 

-145,8  ; 

6.7 

134 

Trimethylailane 

C.I!»Sill:, 

179.7 

•  14.7 

I  144 

Ethylailane 

Dime  tly  lai  lane 

<C.H,)8Silli! 

144.)  : 

55.9 

22 

Triethylailane 

(Cjl  I,):iSil  1 

.  .156.9 

108.7 

0.7510  <0|  j  24 

Tripropylailane 

'C,ll,),Sill 

170 

24 

Butylsilane 

C,ll,Sill, 

1  148.2 

•*■6. 1 

144 

Iaobutylailane 

(Cl  l:,)a<:i  ICHaSil  la  1 

48.6 

!  22 

Triisobutyl - 
silane 

l(cn,)..ci  ici  i.jjSiii 

204-  2oo 

1 

i  25 

Triisoamylsilane 
Tripbeny lai lane 

«:ii.im:i  iai./:u.),siii 

46  47  j 

246 

1 

25 

Dicyclohexyl- 

(<^IU).iSill 

152-167  (2  mm) 

26,27 
!  28 
i  135 

phenylsilane 

Tr ibenzy la i lane 

(<<Mn)s(C.iHj)Siii  i 

1 

180  185  (4  mm) 

Tri-a-naphthyl- 

((^»l  lj(  «l  1 9)381 1  1 

+91 

!  16,44 

ailane 

1  *•(  .|ft|  l-hSil  1 

240 

92 

a)  Name;  b)  Formula;  c)  Melting  Point,  °C;  d)  Boiling  Point,  °C; 
e)  Specific  Gravity,  d£°;  f)  Bibliography 


Table  10 

Physical  Properties  of  Organosllanes  with  Unsaturated  fodicals 

'  I  T" 

•  i 

c) 


a) 


Yinylailane 

Diallylmethyl- 

ailane 

Triallylailane 

‘Sitteli. 


b> 


Cll.-CII  Sill;, 

icii3n<:ii  <:u2)wciirsiii 

(Cii.-ui  -ci  i5)jSiii 

iCIC-C  Cl  I,)/ -HtSil  i 

CM, 


<=0  e) 


-22,8 

122..')  0.7640  1.4440 

(75!»  mm|  i  I 

UK), 5  0.8705  .  1.4078 

61  --63  0,7885  1 .45511 

(17  imr)  ’ 


i) 


911 


99 


99 


AlM-M-ft,!-  '  |  1  "  '  M"2  : 

JIBES’'  al--'"  ,:"= 

<  :i  i:! 

a)  Name;  b)  Formula;  c)  Boiling  Point,  °C;  d)  Specific  Gravity,  d 

.  20  * 
e)  Index  of  Refraction,  n^  ;  f)  Bibliography 
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TETRA-SUBSTITUTED  SILANES 


The  tetra-substituted  silanes  are  prepared  vrith  comparative  ease.  Their 
stability  depends  on  the  molecular  weight  of  the  radicals  attached  to  the  silicon 
as  well  as  on  the  synnetry  of  the  molecules.  Among  the  substituted  silanes,  the 
tetra-substituted  silanes  are  most  stable. 

The  hydrogen  atom  in  silanes  may  be  replaced  by  either  like  or  unlike  radicals.. 
When  the  hydrogen  atoms  in  silane  are  replaced  by  like  radicals,  simple 
tetra-substituted  silanes  are  formed,  while  when  they  are  replaced  by  unlike  radi- 
cals,  mixed  tetra-substituted  silanes  are  foraed.  The  latter  are  an  extensive  group 
of  organo silicon  compounds,  and  a  special  section  of  this  Chapter  will  be  devoted  to 
them. 

Simple  Tetra-Substituted  Silanes 
Methods  of  Preparation 

The  most  widely  used  method  of  preparing  simple  tetra-substituted  silane  is  the 
method  of  replacing  the  chlorine  in  SiCl^.  Fried el  and  Crafts  (Bibl.38)  prepared 
tetraethylsilane  by  the  action  of  ethyl zinc  on  SiCl^  in  a  sealed  tube: 

SICU  +  ,2Zn(Clll  I,)..  -  -  -  Si(C-l  l,)«  +  aZiiCI. 

When  SiCl^  reacts  with  phenylbromide  or  chloride  in  an  ethereal  solution  in 
presence  of  sodium,  a  tetraarylsilane  is  obtained  (Bibl.39): 

SiU*  +  -Ml  I  +  *Na  -  ✓  SiR,  +  PNj* !| 

This  reaction  sometimes  proceeds  very  violently,  and  than  cooling  is  necessary. 
In  all  cases  RjSiCl  and  other  alkyl- (aryl)-chlorosilanes  are  formed  as  by  products. 
This  method  has  made  it  possible  to  prepare  a  large  number  of  different 
te.tra- substituted  silanes,  but  in  low  yields. 
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A  large  number  of  different  tetra-substituted  silanes  have  been  prepared  by 
using  the  Grignard  reaction.  The  reactions  between  SiCl^  and  organomagnesium  com¬ 
pounds  were  conducted  in  ethereal  solution: 

S1CI4 -r  4l<MsjU  •  •  SiR«  -f-  -IMfjClBr 

The  product  so  fomed  was  decomposed  under  the  action  of  water,  the  ether  was 
driven  off,  and  the  residue  was  treated  with  concentrated  sulfuric  acid;  the  SiR^ 
does  not  dissolve  in  the  acid  and  can  be  easily  separated. 

By  using  the  Grignard  reaction  without  ethyl  ether,  considerable  quantities  of 
tetra-substituted  silanes  as  well  as  triarylhydroxy silanes  can  be  obtained,  in  addi¬ 
tion  to  the  di-  and  tri  substituted  silanes. 


Sit  l4  +  4<  :i  IjMnJ  — *  (CH,)«Si  4-  4MeJU 

Sit  U  j-  M  :„l  l5M;Br  -  (C,  1  l5),SiCI  +  3MgCIBr 
<«:aii5)jSit;i  -r  iijo  -  -  (<:,i!j),SiOii  +  Hci 

With  the  object  of  elucidating  the  relative  activity  of  various  organomagnesium 
compounds  (Bibl.Al)  on  their  reaction  with  alkylchlorosilanes,  the  reactions  between 
mixtures  of  various  organomagnesium  compounds  and  trialkylchlorosilanes  were  investi¬ 
gated. 

On  the  reaction  of  a  mixture  of  various  molar  quantities  of  methylmagnesium 
bromide  and  ethylmagnesium  bromide  with  trichlorosilane,  only  methyltriethylsilane 
is  fomed. 


<  +  CjHjMuBr  U,.Hji,SiCI  -  - ■ (C*l  +  MgCIBr 

When  a  mixture  of  equal  molar  quantities  of  trimethylchloro silane  and  triethyl- 
chlorosilane  reacts  with  ethylmagnesium  bromide,  ethyltriaethylsilane  and  tetra- 
ethylsilane  are  fomed  in  the  molar  ratio  of  about  2:1. 
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(CH*)|SiCI  +  (C,H|)»SiCI  +  C*H|MgBr  —  (CH,),SiCtlls  +  (C,H»)4Si  +  MgCIBr 

When  mixtures  of  equal  molar  quantities  of  trimethylchlorosilane  and  triethyl- 
chloro silane  react  with  propylmagnesium  bromide,  the  reaction  proceeds  toward  the 
formation  of  propyl trimethylsilane,  while  propyltriethylsilane  is  not  formed. 

(CH,),SiCI  +  (CjH»),SiCl  +  CjHjMgBr - *•  (CH,),SiC,l  I,  +  (C,H,),SiCI  +  MgCIBr 

Reaction  of  triethylchlorosilane  with  a  mixture  of  ethyl-  and  methylmagnesium 
bromides.  In  a  three-liter  three-necked  flask,  provided  with  a  stirrer  with  a  mer¬ 
cury  seal,  a  reflux  condenser,  and  a  dropping  funnel,  139  ml  (0.42  mol)  of  methyl- 
magnesium  bromide  and  165  ml  (0.42  mol)  of  ethylmagnesium  bromide  are  placed.  To 
this  mixture  63  g  (0.42  mol)  of  triethylchlorosilane  are  added  during  15  minutes, 
under  stirring  and  cooling. 

The  mixture  is  boiled  4  hours;  then  the  reflux  condenser  is  replaced  by  a 
straight  condenser,  and  a  liquid  is  distilled  from  the  reaction  flask  at  tempera¬ 
tures  up  to  100  -  110°C.  The  process  of  distillation  lasts  8  hours.  The  distillate 
so  obtained  is  again  returned  to  the  reaction  flask,  and,  with  stirring,  500  ml  of 
water  is  slowly  added  to  decompose  the  unreacted  Grlgnard  reagent.  The  reaction 
product  is  then  distilled  with  steam.  The  organic  layer  is  separated,  while  the 
water  layer  is  extracted  with  65  ml  of  ethyl  ether.  The  ether  extract  is  combined 
with  the  separated  layer,  the  ether  is  distilled  off,  and  the  residue  is  boiled  with 
dilute  HC1  for  8  hours  to  transform  possible  traces  of  trlethylhydroxysilane  (formed 
by  hydrolysis  of  the  unreacted  triethylchlorosilane)  into  hexaethyldisiloxane. 

The  organic  layer  is  then  separated,  washed  with  water,  and  dried  over 
anhydrous  magnesium  sulfate.  The  fractionation  of  the  product  in  a  column  with  20 
theoretical  plates  yields  36.1  g  (0.28  mol)  of  methylt ri ethyl a ilane ;  boiling  point 
126°C  (729  mm);  index  of  refraction  »  1.4160.  Tetraethylsilane  was  not  obtain¬ 
ed. 
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Reaction  of  ethvlmagneaium  bromide  and  a  mixture  of  trimethylchlorosilane  and 
triethylchlorosilane.  To  0*5  tool  of  ethylmagnesium  bromide  a  mixture  of  0.5  mol 
each  of  trimethylchlorosilane  and  triethylchlorosilane  is  added.  The  further  treat¬ 
ment  is  the  same  as  described  above.  The  fractionation  of  the  reaction  product  gave 
18*3  g  (0.18  mols)  of  ethyltrimethylsilane,  boiling  point  62°C  (734  mm);  index  of 
refraction  n^  »  1.3819-1.3821.  On  distillation  13.6  g  (0.095  mols)  of  tetraethyl- 
silane  was  also  obtained;  boiling  point  152  -  156°C  (734  nm);  index  of  refraction 
n^°  *  1.4104;  and  25.1  g  (0.101  mol)  of  hexaethyldisiloxane;  boiling  point  128°C 
(30  am);  index  of  refraction  n^°  ■  1.4335. 

Reaction  of  propylmap^aaium  bromide  with  a  mixture  of  trimethylchlorosilane  and 
triethylchlorosilane.  To  0.5  mol  of  propylmagnesium  bromide  a  mixture  of  0.5  mol 
each  of  trimethylchlorosilane  and  triethylchlorosilane  is  added.  The  further  treat¬ 
ment  is  conducted  as  described  above,  but,  before  fractionating,  the  reaction  product 
is  treated  with  50  ml  of  cold  concentrated  sulfuric  acid  which,  as  is  well  known, 
dissolves  hexaalkyldisiloxanes  and  does  not  dissolve  tetraalkylsilanes.  The  upper 
layer  formed  on  treatment  with  H^SO^  is  separated,  and,  after  the  acid  is  washed  out 
with  water  and  a  solution  of  sodium  bicarbonate,  it  is  then  dried  over  anhydrous 
sodium  sulfate.  Fractionation  of  this  upper  layer  gave  33*3  g  (0.287  mol)  of 
propyltrimethylsilane;  boiling  point  89  C  (729  sat),  index  of  refraction  n^  - 
1.4330.  In  this  layer  22.1  g  of  a  product  with  index  of  refraction  n£  -  l.u  ,40  was 
also  found.  No  propylethylsilane  was  found.  The  sulfuric  acid  layer  was  treated 
with  ice  water;  the  organic  layer  separated  was  removed,  washed  with  water,  dried 

with  sodium  sulfate,  and  fractionated.  It  yielded  9.5  g  of  1,  1,  1- trimethyl-3,  3, 

« 

3-triethyldisiloxane;  boiling  point  80 0  (30  sat);  index  of  refraction  n^°  •  1.4105; 
and  10  g  of  hexaethyldisiloxane;  boiling  point  137°C  (29  mm);  index  of  refraction 
n£°  -  1.4332. 

Tetra- substituted  silanes  are  obtained  in  better  yields  and  with  smaller  quan¬ 
tities  of  by  products  when  Grignardfs  reagent  acts  on  trialkylchlorosilanes  than 
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when  it  acts  on  alkyl  trichloro silanes  (Bibl.42). 

Z.M.Manulkin  (Bibl.43)  has  prepared  tetraethylsilane  by  the  action  of  ethyl- 
magnesium  bromide  on  sodium  fluo silicate. 

Many  methods  of  preparing  Sify  from  the  esters  of  orthosilioic  acid  by  replac¬ 
ing  the  alkoxy  groups  are  known.  This  reaction  was  first  performed  by  heating 
alkylzinc  and  an  ester  of  orthosilicic  acid  in  a  sealed  tube  in  the  presence  of 
sodium  (Bibl.44). 

Si/OC,H,)4  +  2Zn(C*H»)t  — -  '  Si(C,H,)«  +  aZnfOC^H.); 

The  tetra- substituted  silanes  were  also  obtained  by  the  action  of  organomagne- 
sium  compounds  on  esters  of  orthosilicic  acid: 

OCfH, 

S|(OC,H»)«  +  4RM*Br - *•  SiR«  +  4M*C 

NBr 

Mono-  and  di-  substituted  esters  of  orthosilicic  acid  may  also  be  converted 
into  SiR^  by  heating  with  acid  chlorides  (CHjCOCl,  C^HjCOCl)  followed  by  the  action 
of  a  Orignard  reagent  on  the  chlorosilane  so  formed  (Bibl.45): 

(CtIll)^i(OC^il)»+2C,HlCXXI - -  (ClH,)tSiat-J-2QlH,COOfiH» 

(C*H,)|SiClt  +  2(C*H*)MrCI  —  »  (C|H»)«Si  +  2M*CI, 

Simple  tetra-substituted  silanes  are  formed  when  mixed  tetra-substituted  sil¬ 
anes  are  heated;  for  instance,  by  heating  triethylphenylsilane,  tetraethylsilane  may 
be  obtained} 


Dolgov  (Bibl.46)  effected  this  reaction  in  a  hydrogen  atmosphere  at  260°C  and 
100  atm  pressure. 

Soshestvenskaya  has  described  an  interesting  method  of  preparing  tetrabenzyl- 

1*7 
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silane  by  the  action  of  Grignard's  reagent  on  NajjSiF^  (Bibl.47).  When  an  ether 
solution  of  benzylmagnesium  bromide  acts  on  Na^iF^  at  room  temperature,  the  reac¬ 
tion  makes  practically  no  progress  even  over  a  period  of  21  days.  Heating  a  mixture 
of  Na-jSiF^  with  the  Grignard  reagent  (after  distilling  off  the  ether  from  it)  for  one 
hour  to  160  -  170°C  leads  to  the  formation  of  tetrabenzylsilane: 

N'a.jSil'H  +  KJI.OHjMga  - ►  K^H(CH«)«Si  +  2Nal;  +  2Mgl»  -f  2M#CI.. 

The  yield  of  tetrabenzylsilane  is  over  20.7%  figured  on  the  basis  of  the 
Na^iFg  taken.  No  tribenzylfluorosilane  was  obtained  in  this  case. 

Tetrabenzylsilane  crystallizes  in  coarse  colorless  prisms,  melting  point 
127. 5°C. 

It  is  possible  that  a  longer  heating  time  and  still  higher  temperatures  might 
have  an  effect  on  the  yield  of  tetrabenzylsilane. 

Tetrabutylsilane  was  prepared  from  the  ethyl  ester  of  orthosilicic  acid  (in  2558 
excess)  and  butylmagnesium  bromide}  the  reaction  liquid  was  found  to  heat  up 
strongly  (Bibl.45).  The  yield  was  5058. 

To  prepare  certain  tetra-substituted  silanes,  organolithium  compounds  are  used. 
The  ethyl  ester  of  orthosilicic  acid  or  SiCl^  reacts  with  a  lithium  alkyl  or  aryl  in 
ether  almost  immediately: 


Si(CX:.l fj»,  +  4HLi - -»  SIR,  4*  4I.iOC,H» 

The  yields  of  compounds  of  the  Sify  type  are  high.  K.Kocheshkov  and  V.Zasosov 
(Bibl.48)  prepared  tetraphenylsilane  by  the  reaction  of  phenyllithium  and  SiCl^  in 
absolute  ether. 

Reaction  of  phenyllithium  and  silicon  tetrachloride.  Into  a  solution  of 
phenyllithium  prepared  from  20, 7g  (0.132  mol)  of  bromobenzene,  2.01  g  of  lithium 
(0.29  gram-atom  ♦  1058)  and  80  cnpof  absolute  ether,  3.4  g  (0.02  mol)  of  SiCl^  dis¬ 
solved  in  10  cm? of  petroleum  ether  was  added  in  small  portions  from  a  dropping 

1  & 
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funnel.  The  mixture  was  heated  2  hours  on  a  water  bath,  and,  after  cooling,  was 
poured  into  250  cnP  of  ice  water.  The  product  separated  and  aspirated,  washed  with 
alcohol  and  ether  and  dried  in  the  air.  Yield  6.54  g  (97.556  of  theoretical).  Melt¬ 
ing  point  after  one  crystallization  from  amyl  acetate,  233  -  234°C.  According  to 
Polis  (Bibl.49),  the  melting  point  of  tetraphenylsilane  may  be  as  high  as  234°C. 

A  few  aliphatic  compounds  of  the  SiR^  type  were  subsequently  prepared  by  this 
method  (Bibl.50);  [Si(OR)^  may  also  be  taken  as  the  starting  compound].  If  tertiary 
or  secondary  radicals  are  attached  to  the  lithium,  then  the  chlorine  atoms  in  SiCl^ 
are  incompletely  substituted  (Bibl.51). 

Physical  Properties 

The  simple  tetraalkyl silanes  are  liquids  with  an  odor  of  kerosene  with  an  ad¬ 
mixture  of  turpentine;  they  are  insoluble  in  water;  and  neither  acids  nor  alkalies 
act  on  them.  The  specific  gravity  of  the  tetraalkylsilanes  is  less  than  unity. 

Their  boiling  points  are  higher  than  those  of  the  corresponding  hydrocarbons;  they 
distill  without  decomposition  at  atmospheric  pressure.  In  presence  of  oxygen  and  on 
contact  with  an  open  flame,  the  vapors  of  the  tetraalkylsilanes  explode. 

The  tetraarylsilanes  are  solid  crystalline  substances,  very  stable  on  heating 
to  high  temperatures.  They  are  readily  soluble  in  benzene  and  other  aromatic  hydro¬ 
carbons;  and  almost  insoluble  in  ether  and  benzine. 

The  tetraalkyl-  and  tetraarylsilanes  are  thermally  stable  substances,  and  there 
are  a  number  of  properties  that  remind  one  of  methane  derivatives.  A  comparison  of 
the  physical  properties  of  the  tetraalkylsilanes  with  the  properties  of  the  corre¬ 
sponding  paraffin  hydrocarbons  showed  that'  the  boiling  point,  index  of  refraction, 
and  density  are  higher  in  the  tetraalkylsilanes,  while  the  viscosity  is  lower,  than 
in  the  hydrocarbons. 

A  number  of  papers  have  been  devoted  to  the  study  of  the  physical  properties  of 
tetraalkyl-  and  tetraphenylsilanes .  The  specific  heats  (Bibl.53),  melting  points 
(Bibl.54),  and  boiling  points  (Bibl.55),  have  been  deterained,  and  the  Raman 
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spectrum  (Bibl.56) ,  the  normal  vibrations  of  the  molecules  (Bibl.57),  the  free  rota¬ 
tion  of  the  molecules  (Bibl. 58),  the  viscosity,  atomic  and  molecular  refraction 
(Bibl. 59),  have  been  studied.  The  entropy  has  been  calculated  from  Kinney* s  equa¬ 
tion,  and  an  investigation  of  the  tetra-substituted  silanes  in  the  infrared  spectrum 
has  been  made. 

On  ultraviolet  irradiation,  tetraphenylsilane  and  tetra-p-tolylsilane  show  a 

bright  green  phosphorescence.  Tetra-p-diphenylsilane  does  not  manifest  this  (Bibl. 

61).  The  molecular  structures  of  tetramethylsilane,  hexamethyldisilane  (Bibl. 62), 

and  tetraphenylsilane  have  also  been  investigated,  as  well  as  the  crystallographic 

> 

properties  of  octaphenylcyclotetrasilane  (Bibl. 63),  and  the  structure  of  hexadeca- 
methylcyclooctasiloxane  (Bibl. 64). 

In  papers  devoted  to  the  preparation  and  study  of  the  properties  of 
tetra-substituted  silanes  with  a  double  bond  between  the  carbon  atoms  in  the  radi¬ 
cal,  the  physical  constants  of  a  large  number  of  individual  compounds  have  been 
determined,  such  as  triethyl vinylsilane  (Bibl. 65),  tetraallylsilane  (Bibl.66), 
ethylallylisobutylbenzyl silane  (Bibl .67),  triethylvinylsilane,  triethoxyallylsilane 
(Bibl.68),  and  other  unsaturated  compounds  of  more  complex  structure  (Bibl.69). 
Table  11  gives  the  physical  properties  of  simple  te»ra-substituted  silanes. 

Table  11 

Physical  Properties  of  Simple  Tetra-Substituted  Organo s ilane s 


*) 

w 

c) 

-c 

«*) 

•  c 

«) 

9 

Tatraamthylailana 
Tatraathy lail ana 

(CHJcSi. 

(QHj)*Si 

-  j 

-  1 

26,5 

153 

0,646 

0,7662 

1.3478 

1,424 

69,78.  137 
69,91 

Tatrapropylailaaa 

Tatrabatylailaaa 

1 

(C,H,)«Si 

(QH.JaSi 

1 

\ 

! 

1 

213 

157 

(22  mm) 

0,785 

0,8008 

1,4465 

24,52 

135:  13* 

(continued) 
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b) 

B 

e ) 

0 

q) 

Tatraaaylisoailane 
Tatraauylailana 
Tatraphany lsi lane 
Tatrabanylsilana 
T.tri-u- tolylsilana 
Tatra-p- tolylsilana 
Tatradipfaanylailana 

_  •£</)<«_ 

rjf-a 

£££-•^4 

233 

128 

151 

228 

274 

275 

318 

530 

550 

0.8252 

1,078 

1,078 

1,118 

1,079 

1,4510 

25 

17 

16,17,71 

16,17,18 

16 

16 

17 

*Cf  •  also  Table  13  (page  178). 

a)  Name;  b)  Formula;  c)  Melting  Point,  °C;  d)  Bolling  Point,  °C; 
e)  Specific  Gravity,  d£;  f)  Refractive  lad  sc  ng°;  g)  Bibliography 


Chemical  Properties 

The  pyrolysis  of  tetraalkyl silanes  has  been  studied  in  detail.  For  tetra- 
ethylsilane  and  tetrapropylsilane,  the  following  mechanism  of  their  cleavage  is 
given* 


S1(C,H,)«  — 
si(c,n,)4 

Si(Cal  l4)s  • 
Si(QHr)« 
Si(C,M,)»  -  - 


*  Si  4-  4C,Hj 

►  -Si(C,H,),  C,Hj  (tiowiy) 

►  Si  +  3Q.II,  (npidXy  ) 

►  Si(C,I  I?;,  +  (slowly) 

»  Si+3C,H-  (rapidly) 


Thus  the  cleavage  of  tetraethyl-  and  tetrapropylsilane  takes  place  in  stages 
with  formation  of  silica,  hydrogen,  and  hydrocarbons.  The  decomposition  of 

i 

tetra- substituted  silanes  into  -SiBj  and  B-  radicals  takes  place  more  slowly  than 
the  cleavage  of  -SiRj  into  silicon  and  a  free  radical. 

Ipat*yev  and  Dolgov  (Bibl.71)  have  heated  tetraethylsilane  with  hydrogen  under 

I 

pressure  at  350^0,  and  have  obtained  ethane  and  triethylsilane.  From  phenyltri- 
ethylsilane,  under  these  conditions,  benzene  and  triethylsilane  were  obtained. 

Si(CjI  !,)<  +  I  !•  •  *  C,I  I,  +  (C,H,),SiH 
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t:,U,Si(C,Ht)3  +  Hi  —  •  C,H,  +  (CtlU)tSiH 

It  was  found  that  tetraphenylsilane  is  stable  at  450°C;  at  a  higher  temperature  it 
condenses  to  form  a  high-molecular  substance. 

In  1931  Dolgov  and  Vol*nov  (Bibl.72)  published  further  studies  of  the  ability 
of  tetra-substituted  silanes  to  undergo  disproportionation.  Tetrabenzylsil&ne  at 
400°C  under  pressure  of  100  atm,  gives  no  reaction  with  hydrogen  (Bibl.71).  They 
considered  the  low  reactivity  of  this  compound  to  be  due  to  the  fact  that  the  sili¬ 
con  prevents  the  reaction.  On  studying  the  behavior  of  the  corresponding  hydroxyl 
derivatives  it  was  found  that  while  trlphtaylcarbinol  is  easily  reduced  to  tri- 
phenylmethane,  trlphenylsilanol  is  not  reduced  but  is  dehydrated  to  the  dimer. 

When  mixtures  of  various  quantities  of  tetraethylsilane  and  tetrapropylsilane 
are  heated,  a  mixture  of  the  following  composition  is  formed  (Bibl.72): 


C,HfSi(C|H,), . 21 

(C$H,)£i(C»H»)t . 40 

. 24 

Si(C,H,)« . 10 


L.G.Makarova  and  A.N.Neameyanov  (Bibl.73)  have  found  that  tetraphenylsilane 
does  not  react  with  nitrogen  oxides.  An  attempt  to  effect  the  reaction  between 
silver  nitrate  and  tetraphenylsilane  also  proved  unsuccessful  (Bibl.74).  Tetra- 
methylsilane  was  found  to  be  very  stable  to  heating.  Its  thermal  decomposition 
begins  in  the  range  659  -  717°C  (at  850  ok)  (Bibl.75). 

The  tetraalkylsilanes  are  chlorinated  and  broodnated  with  relative  ease.- 
Chlorination  takes  place  in  the  cold,  while  b nomination  requires  heating.  The 
halogen  replaces  hydrogen  in  the  organic  radical: 

+  Cl,  -  (C^SUCJhCn  +  HCI 
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Friedel  and  Ladenburg  (Bibl.76)  obtained  triethylchloroethylsilane  and  tri- 
ethyldichloroethylsilane  by  the  chlorination  of  tetraethylsilane. 

Ushakov  and  Itenberg  (Bibl.77)  described  the  chlorination  of  tetraethylsilane, 
with  1  -  2%  of  PClj  used  as  a  catalyst.  Triethyl-P-chloroethylsilane, 
triethyl-a-chloroethylsilane  and  other  silane  derivatives  were  obtained  in  15% 
yield. 

Chlorination  of  tetramethylsilane  (Bibl.78).  Tetramethylsilane  is  dissolved  in. 
carbon  tetrachloride,  phosphorus  pentachloride  is  added  as  a  catalyst,  and  chlorine 
at  the  rate  of  0.5  mol  per  hour  is  passed  for  four  hours.  During  the  chlorination, 
the  system  is  irradiated  with  a  450  watt  quartz  lamp.  About  two-thirds  of  the  pro¬ 
duct  consists  of  polychlorinated  compound,  and  only  one- third  of  chloromethyltri- 
methylsilane. 

Halogens  act  differently  on  a  tetraarylsilane.  Bromine,  for  instance,  replaces 
one  aryl  radical  during  the  course  of  12  days,  even  in  the  cold: 

(C«H,)»Si(~,l I,  +  Hr.  -  •  (C,l!,)aSiRr  •+■  l^UjBr 

PCI ^  at  180°C  chlorinates  a  tetraarylsilane,  also  splitting  off  an  aryl 
radical: 


(C,n,)tSi  -i-  pci,  (C,u»)*Si<:i  +  uim.i  +  pcu 
(C«H«)«Si  2 PCI,  -  (C,H,l,Sias  +  2C.I U< :i  +  2PCI*  11  t.  .t. 

In  this  way,  complete  cleavage  of  all  the  aryl  radicals  may  be  accomplished 
and  SiCl^  obtained.  By  hydrolysis  of  the  halo  silane  so  fomed,  all  the  hydroxy  sil¬ 
anes  may  be  obtained: 
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PCI,  H,0 

- *•  ArsSiCl  —  ■*•  ArjSiOH 

2PC1,  HaQ 

- >  Ar*Sif:is —  -'Ar.jSiCC  )l I),. 


.•  ArSiClj  -  ArSi(OII,i 


Ar«Si 


4PC1,  H.jO 

'  SlCI, - Si(OH)4 


The  tetraalkyl-  and  tetraaryl-silanes  are  readily  chlorinated  by  molecular 
chlorine;  which  replaces  the  hydrogen  in  the  radical,  but  replacement  of  the  radical 
itself  does  not  take  place. 

I 

The  tetraarylsilanes  are  nitrated  under  mild  conditions  (in  CCl^);  and  in  this 
way  nitre-compounds  are  obtained;  thus,  from  tetraphenylsilane,  Si(C*H4NO|)4 is  form¬ 
ed  (Bibl.79).  Concentrated  nitric  acid  on  heating  oxidizes  SiAr^.  A  study  of  the 
nitration  product  showed  that  the  meta  and  para  nitre-isomers  were  mainly  formed; 
the  ortho  isomer  was  not  found  (Bibl.80).  On  heating  in  an  acid  medium  (HC1  or 
acetic  acid)  traces  of  the  decomposition  of  tetraphenylsilane  into  benzene  and  tri- 
phenylhydroxy silane  are  detected} 


(C|Hi)«Si  +  H.0  -  *  (CtH,)(SiOH  +  C.H, 


The  nitre-derivatives  may  be  reduced  to  amino  compounds  by  the  action  of  tin 
and  HC1.  The  m-aminophenylsilanes  are  stable  against  the  action  of  hot  alkalies  and 
hot  HC1.  The  p-aminophenylsilanes  are  less  stable,  and  when  boiled  with  HC1  or 
alkalies  they  are  decomposed,  forming  alkyl-  or  arylsilanes  and  aniline  (Bibl.81). 

The  degree  of  stability  of  the  o-aminophenylsilanes  has  not  yet  been  studied. 

» 

Triphenylsilane  does  not  react  with  lithium  p-thiocresolate,  nor  with  phenyl- 
magnesium  bromide,  even  after  prolonged  boiling  of  the  reaction  mixture  (24  -  30 
hours) . 

The  preparation  of  other  substituted  silanes  by  using  organolithium  compounds 
has  also  been  described  (Bibl.82).  At  room  temperature,  tri ethyl silane  was  prepared 
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by  the  Grlgnard  reaction,  and  the  product  was  then  subjected  to  the  action  of  butyl- 
lithium.  As  a  result,  triethylbutylsilane  was  obtained  in  58%  yield*  When  the 
corresponding  organolithium  compound  was  used,  propyltriethylsilane  in  74.55?  yield 
and  phenyltriethylsilane  in  815?  yield  were  obtained  by  this  method. 

The  introduction  of  alkyl  and  aryl  groups  in  trialkyl silanes  by  the  aid  of 
organolithium  compounds  is  conducted  in  ethyl  ether.  Petroleum  ether  slows  down  the 
reaction.  In  the  presence  of  lithium  ethoxide,  triethylsilane  and  ethanol  form 
triethylethoxysilane • 

When  phenyl?. ithium  reacts  with  SiCl^,  followed  by  hydrolysis,  triphenylhydroxy- 

s 

silane  in  975?  yield  is  formed. 

SICI,  +  3r«l!,Li  -  •  HJCI  +  (C,H,)iSiCI - -  (QH,),SiOll  +  HCI 

When  3  mols  of  phenyllithium  reacts  With  1  mol  of  SiCl^,  and  1  mol  of 
p-tolyllithium  is  added,  triphenyl-p-tolylsilane  is  formed;  melting  point  134  - 
135°C.  The  yield  is  915?  of  theoretical. 

When  2  mols  of  phenyllithium  (or  of  p-tolyllithium)  reacts  with  SiCl^,  and  2 
mols  of  p-tolyllithium  or  of  phenyllithium  are  then  added,  diphenyl-p-tolyl silane  is 
formed;  melting  point  176  -  177°C.  The  yield  is  78%  of  theoretical. 

A.D.Petrov  and  his  associates  (Bibl.83)  studied  the  possibility  of  synthesizing 
the  asysmetric  alkyl- (aryl)- silanes  with  aryl  radicals  from  aromatic  hydrocarbons 
with  condensed  rings.  They  found  that  on  the  action  of  a-naphthyltriethoxysilane  on 
ethylmagneaiua  bromide,  a-naphthyltriethylsilane  is  formed  in  low  yield,  when  under 
the  action  of  butylmagnesium  bromide,  a-naphthyltributylsilane  is  formed  in  high 

I 

yield  (805?). 

Under  the  action  of  hsxylmagnesium  bromide,  the  yield  of  a-naphthyltrih«xyl- 
silane  decreases  to  455?.  Under  the  action  of  methylmagnesium  chloride  on 
a-naphthyltriethoxysilane,  no  a-naphthyltrlmethylsilane  is  formed  at  all,  but  tri- 
methylethoxysilane  instead. 
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Mixed  Tetra-Substituted  Silanes 


The  mixed  tetra-substituted  silanes  are  substitution  products  formed  by  the 
replacement  of  the  hydrogen  atoms  in  SiH^  by  unlike  organic  radicals.  A  study  of 
the  mixed  tetra-substituted  silanes  made  it  possible  to  establish  a  number  of  regu¬ 
larities,  allowing  determination  of  the  character  of  the  bonds  in  molecules  of  the 
type  RSiR’-j,  RjSiR^,  SiRR’  R’  *RM  * ,  and  the  dependence  of  the  physical  properties  on 
the  nature  of  the  substituent,  the  molecular  weight,  the  symmetry  of  the  radicals, 
etc. 

Methods  of  Preparation 

The  simplest  method  of  preparing  mixed  tetra-substituted  silanes  is  based  on 
the  reaction  between  SiCl^  or  organochlorosilanes,  or  esters  of  orthosilicic  acid  or 
substituted  ortho  esters  with  an  alkylzinc  or  Grlgnard  reagent.  These  reactions 
have  already  been  discussed  in  part,  above. 

The  action  of  ethyl zinc  (Bibl.84)  on  phenyltrlchlorosilane  forms  phenyltri- 
ethylsilane 

2QI  I.SiCU  +  3211(0,11,).  -  »  2C,H,Si(C,M,),  +  3ZnCI, 

At  the  same  time,  as  a  result  of  rearrangement,  tetraphenylsilane  and  diphenyl- 
diethylsilane  were  also  obtained} 

20.1 1,Si((.,)  I,),  (0,1  l,)«Si  (I..I  l,),Si(<.,l  l(), 

Dolgov  and  Vol*nov  state  that  under  the  action  of  diethylzinc  on  triphenyl- 
chlorosilane  at  230°C,  not  only  trlphenylethylsilane,  but  also  a  certain  quantity  of 
diethylphenylsilane  and  tetraethylsilane  are  formed. 

On  the  reaction  between  organozinc  compounds  and  various  esters  of  ortho¬ 
silicic  acid,  the  successive  replacement  of  the  alkoxy  groups  takes  place  (Bibl.85). 

2(Q  1,0) i Si  2n(C,l  I,),  -f-  2Na  >  20,1  2(_l  l,0*\«i  Zii 


F-TS-9191A 


1&6 


2CjMtSi(CX:i I,),  ;  2n(t:..U,),+  2Nii  -  — >  2(C1ll4)..Si(Oait),  4  2CII,0N«  4  In 
2(C2M,)tSi(OCU,)s  4  Zn(C,H,)s  4  2Na  —  *  -'(C.I  r,)2(C,l  l,)Si(OCl  I3)  4  2CH,0Na  +  Zi. 
2(C*H»)5(C,H,)Si(fX;i!3)  4  Zu(CH,)„  +  2\n  ->  2(C,I  l,)2(C,l  l,)Si(c;il3)  +  201,01*1  +  Zn 


Under  the  action  of  nitric  acid  (at  room  temperature,  in  a  solvent)  on 
tetra-substituted  silanes  containing  aromatic  radicals,  the  aromatic  radicals  are 
nitrated. 

The  difficulty  of  nitration  increases  in  the  following  order:  phenyltriethyl- 
silane,  diphenyldiethylsilane,  and  tetraphenylsilane  (Bibl.86).  When  these  com¬ 
pounds  are  nitrated,  the  nitro  group  goes  into  the  para  or  meta  position  with  re¬ 
spect  to  the  silicon  atom.  We  give  the  quantitative  relations  between  the  isomers 
obtained  on  nitration  of  these  substances. 


Yield  of 

Para-  nitro-  Yield  of  meta- 

Isomer,  %  Nitro-  Isomer,  % 


C6H5Si(C2H5)3  . 

(C^H^  ^2®^  ^2^5  ^2  •  •  •  •  • 
(C6H5)3SiC2H5  . 

(C6H5)4Si  . 


83 

17 

70 

30 

40 

60 

24 

76 

The  conclusion  may  be  drawn  from  these  data  that  the  trlethylsilane  group 
(OjH^i  is  mainly  oriented  toward  the  para  position,  and  the  triphenyl  silane  group 
(CgH^^i  toward  the  meta  position. 

A  large  number  of  mixed  tetra-substituted  silanes  have  been  prepared  by  the 
Grignard  reaction  (Bibl.87). 


/C.H,  CjH,.  /C.H, 

Si'  4  - ►  ;sr  +  MrU.I 

C,  \\/  XCI  C.H,7  NCH, 
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C*H»SiCl|  +  3CH,MgBr - -  C*H»SI(CH*)» '+  3MgClBr 

(QH,)tSiCli  +  2CH»MgBr - -  (CtH,)*Si(CH,),  +  2MgCIBr 

The  radicals  in  the  mixed  tetra-substituted  silanes  may  be  made  more  complex  by 
replacing  the  halogen  atoms  in  then  by  organic  radicals  (Bibl.88). 

BrC«H«v  yCjHj  Ctl!,C,H«v  /CtH, 

NSi /  4-  C,H,MrBi  —  >  Si'  +  MgClBr 

c.h/  N:sh,  c.h/  N^h. 

I 

The  literature  describes  methods  of  preparing  alkyltrimethylailanes  and  alkyl- 
triethylsilanes ,  in  which  the  alkyl  radical  has  a  high'  molecular  weight,  and  also 
describes  their  properties*  Under  the  action  of  a  Grignard  reagent  on  SiCl^,  alkyl- 
trichlorosilanes  were  at  first  obtained.  1  The  products,  after  being  purified  by 
fractional  distillation,  were  introduced  into  an  ether  solution  of  methylmagnesium 
bromide  or  ethylmagnesium  bromide,  and  as  a  result  alkyltrimethylailanes  or  alkyl- 
triethylsilanes  respectively,  in  yield  of  about  70g  of  theoretical,  were  obtained. 

RMeBr  4-  SiCi*  —  -  RSiClj  4-  MgCIBr 
RSiCI*  +  3QI,M«Br  — *  RSi(CH,),  +  3M*CIBi 

Such  yields  are  obtained,  for  instance,  in  the  synthesis  of  lauryltrimethyl- 
silane  ard  hentyltrimethylsilane  u/  the  reaction  between  trimethylchlorosilane  and 
the  corresponding  Grignard  reagent. 

When  methyllithium  reacts  with  triethylsilane  (Bibl.89),  methyltriethylsilane 

I 

is  formed) 


(Cji,kSHi  +  <ji,u  ►  t  Liu 

Triphenylsilane  reacts  with  organolithlua  confounds  to  fora  the  corresponding 
tetra-substituted  silanes  (Bibl.90): 
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R.,Sill  R'l.i  >R,SiR'|-U!l 

To  perform  the  reaction!  one  equivalent  of  an  ether  solution  of  the  organo- 
lithium  compound  is  added  to  a  solution  of  triphenylsilane  in  ethyl  ether*  After 
the  completion  of  the  reaction,  the  mixture  is  treated  with  water  (to  remove  the 
LiH),  and  the  corresponding  tetra- substituted  silane  is  separated  from  the  ether 
solution  and  recrystallized  from  benzene*. 

When  triphenylsilane  reacts  with  butyllithium,  butyltriphenylsilane,  (melting 
point  66°C!  yield  63.2$)  is  formed,  together  with  a  small  amount  (10.7$)  of  tetra- 
phenylsilane* 

Under  the  action  of  a-naphthyltriethoxysilane  on  methylmagnesium  chloride, 
a-naphthyldimethylethoxysilane  and  t rlmethyl ethoxysilane  are  formed.  The  reaction 
apparently  takes  place  according  to  the  scheme: 


<  <:,*n,Si(OC,ii,),  +  2CH,mk<:i  -  —  +  «-c„u,(CH,)^iO<:1uI  ;  2MkU(<x,i  i  j 
i,)  +  a  ->  ac„i  i»m«ci  +  (CH,),SiOC,n, 

It  has  likewise  not  been  possible  to  obtain  pure  a-naphthyltrioctasilane 
a-C^oH^Si(CgH^^)^,  since  a  mixture  of  this  substance  with  a-naphthyldioctylsilane 
a-C-^QH^Si (CgH^y )2H  was  formed. 

While  in  the  case  of  the  trialkylmethyls  R^C-,the  ability  of  these  radicals  to 
enter  into  the  Grignard  and  Wurtz  reactions  decreases  with  increasing  length  of  R 
from  methyl  to  butyl  (at  least  for  synthesis  under  ordinary  conditions),  the  oppo¬ 
site  relation  holds  in  the  case  of  the  trialkylsilanes  RjSi.  It  has  recently  been 
possible  to  synthesize  a-naphthyltrimethylsilane  by  means  of  an  organolithium  com¬ 
pound. 

*-C„H,Li-+  (CH,HSiCI  - ►  »-C„HfSi(CH,),  +  LJCI 

A.D.Petrov  and  T. I .Chernysheva  (Bibl.91)  prepared  a-naphthyltrimethylsilane  by 
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means  of  an  organomagnesium  compound* 


n-Ci#HfSi(CH»)|CI  4*  MgBrCH* - *  •  CieH,Si(CH,),  +  MgCIBr 

It  is  interesting  to  note  that  it  was  found  that  a-naphthyltrimethylsilane 
could  be  obtained  by  substituting  fluorine  atoms  for  the  ethoxy  groups  in 
a -naphthylt riethoxys ilane ,  followed  by  the  action  of  CH^Hgl  on  the  product  so 
obtained. 


i-Ci*HfSi(OCtii()i  +  3HF - *  «.C,»H,SiI-»  +  3C»H»Oi  1 

a-CioHjSiF*  -f  3MgJCH, - 3MgJF  +  «-C,*HTSi(CH»), 


a -naphthyltri phenyl silane  has  also  been  prepared*  but  attempts  to  synthesize 
tetra-a-naphthylsilane  proved  vain*  Even'  when  lithium  was  used  instead  of  magne¬ 
sium*  and  at  high  temperatures*  only  tri-a-naphthylsilane  could  be  obtained*  which 
was  evidently  formed  on  the  treatment  of  the  reaction  products  with  water  by  the 
formula: 


(«-C,«l  IthSiLi  +  HOH - -  LiOH  +  (*  CMH,)*SiH 


Tetra-p-naphthylsilane  is  obtained  in  good  yield  from  (3 -bromonaphthalene 
(Bibl.92). 


It  was  not  possible  to  prepare  a-naphthylditolylisoaaylsilane 


CH-j 


Sif-C-CHj-CH^  by  the  aid  of  organomagnesium  compounds. 
CH, 


a-naphthyldi-p-tolylethylsilane  and  a-naphthyldi-p-tolybutylsilane  are  pre¬ 
pared  by  this  method  with  relative  ease. 

By  the  action  of  organomagnesium  compounds  on  t  et  ra  ethoxy  silane ,  only  two 
a-naphthyl  radicals  could  be  introduced*  giving  (a-CiQHyJ-^iCOC^jJj* 

A.D.Petrov  and  T.I .Chernysheva  (Bibl.93)  has  prepared  silanes  with  two  and 
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three  a -naphthyl  radicals  by  means  of  lithium,  for  example:  ( ot-C ) 2S i (C^H^ ) 2 ; 
(a-CioHy)2Si(C^Hj)25  (<*-C^QH>^)2Si(0C2Hj);  (a-C^QHijO^SiC^Hij;  (a-C^QHy)jSiC2Hij; 
(a-C^QH^J^SiC^H^ • 

Using  organolithium  confounds,  alkylbiphenylsilanes  have  been  obtained  in  high 
yield*  It  is  interesting  that  in  the  series  of  the  alkylbiphenylsilanes,  as  in  the 
series  of  alkyl-a-naphthylsilanes,  a  lowering  of  the  freezing  point  or  melting  point 
with  increasing  length  of  the  alkyl  radical  from  C^H^SiCCH^  to  C^H^SiCc^H^)^ 
has  been  noted* 

The  action  of  R^SiCl  on  9,  10-dilithium-9,  10-d ihyd roanthrac  ene  by  formulas  I 
and  II  has  yielded  9,  1 0-d ihyd  roanthrac ene-9,  lO-di(trialkylsilanes).  The 
symmetrical  compounds  obtained  by  foimula  II  were  solids  (in  some  cases  mixtures  of 
the  cis  and  trans  isomers)*  The  reaction  by  formula  II  usually  did  not  proceed  to 
completion;  a  mixture  of  mono-substituted  and  mixed  di-substituted  hydroanthracenes 
was  obtained: 


!|  |l  ]  +  2R,s.ri 
ll/V  l.i 


HN/Sil<» 

S\/\/% 
2Lici  +  i  !!  I!  J 

H/NSiR, 


(I) 


H\/Li  Hn/S|R', 

K&CI  +  I  |[  ||  |  +  K»SiCI - *  2LiCI  +  |  ||  ||  |  <IX' 

^/\/\^  \/\/\* 

H/SsLi  H^SiR, 

When  these  substances  were  heated  to  300°C,  no  decomposition  with  liberation 
of  anthracene  was  noted,  but  20£  HC1  did  split  off  anthracene  from  them,  while 
under  these  same  conditions,  biphenyl  was  not  liberated  from  a  trialkylbiphenylsil- 
ane. 

In  1950  a  paper  was  published  describing  the  synthesis,  mainly  by  the  aid  of 
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lithium,  of  19  organo silanes  with  sterically  hindered  radicals:  orthotolyl, 
mesityl,  and  others  (Bibl.94).  A  series  of  substituted  aryltrimethylsilanes  of  the 
type* 


X(X) 

I .  I 

was  obtained,  where  X  is  the  substituent  in  the  ortho,  metha,  or  para  position, 
being  CH3,  (CH^Si,  etc*  In  addition  the  physical  properties  and  infrared 
spectra  of  these  compounds  were  studied. 

It  has,  finally,  recently  been  possible  to  prepare  (Bibl.95)  trlcyclohexyl- 
chlorosilane  (C^Hn^SiCl,  but  only  by  using  lithium*  In  this  compound,  however, 
even  by  the  aid  of  the  corresponding  organolithium  compounds,  the  chlorine  could  not 
be  replaced  by  a  C^H^,  C2H5  or  CH^  group. 

The  yield  of  tetratolyldisilanes  on  their  synthesis  from  para,  meta,  and  ortho- 
tolylmagnesium  bromides  and  SiCl4,  respectively,  is  35%,  6%  and  05C;  and  it  was  not 
possible  to  obtain  o-tetratolyl silane,  when  sodium,  or  even  lithium,  was  used  in¬ 
stead  of  magnesium*  In  the  case  of  lithium,  used  at  a  temperature  of  170°C,  two 
substances  with  melting  points  of  230°C  and  340°C  were  obtained  (Bibl*95)  which, 
according  to  the  analytical  results,  correspond  to  one  and  the  same  formula 
(C^C6H4)4Si. 

When  isopropyllithium  acts  on  HSiCl^,  it  has  been  possible  to  replace  only 
three  chlorine  atoms  by  isopropyl  groups;  tert-butyllithium,  at  the  boiling  point 
of  pentane,  is  able  to  replace  only  one  atom  of  chlorine  in  SiCl4  by  tert-butyl*  A 
second  tertiary  butyl  group  is  introduced  only  at  an  elevated  temperature  (70°C), 
while  it  has  not  been  possible  to  introduce  a  third  and  fourth  group  under  any  con¬ 
ditions. 

In  the  reaction  of  alkyl-  (aryl  )-lithium  (R2L)  with  SiCl4,  the  radicals  can  be 
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arranged  in  order  of  decreasing  reactivit7  in  the  following  order: 


<; 

I 

— o 

I 

c 


■c — <; — <: 

i 

t 

<: 


Cl  I* 


./ 


./ 


— *-C|ol  lj 


Ye.M.Soshestvenskaya  (Bibl.96)  obtained  tetrabenzylsilane  by  the  action  of 
potassium  fluosilicate  on  benzylmagnesium  chloride: 

»C,H,CU.MfiCI  +  KtSit  u  -  *«  (CtH,CH,)«Si  +  2M*CI!!  +  2MgF,  2KI 

Potassium  fluosilicate  reacts  more  readily  than  sodium  fluosilicate. 

Tetra- substituted  silanes  are  obtained  from  organo silicon  compounds  whose  mole¬ 
cule  contains  the  Si-OR  and  Si-H  groups  by  the  action  of  an  alloy  of  sodium  and 
potassium  (Bibl.94). 

By  the  action  of  indenylsodium  and  ind enylllthium  on  alkylhalo silanes,  methyl- 
ini  enylsilanes  and  ethylindenylsilanee  were  obtained  by  the  following  reaction 
(Bibl.97)* 


or 


+,a,,hSIC'  ' 


\_/ 

|~)cHSi<CII,), 


+  MCI 


(M-I.i.  N«) 


M 

M 


+  2Mf;i 


OrganoH  thiua  compounds  with  multiple  bonds  between  the  carbon  atoms  more  or 
less  close  to  the  silicon  atom,  should  possess  a  number  of  specific  peculiarities. 
In  order  to  study  such  compounds,  Ushakov  and  Itenberg  hare  synthesized  triethyl- 
vinyl silane  and  studied  its  properties.  It  was  found  that  this  compound  is  not 

rfe 


F-TS-9191/V 


polymerized  under  the  conditions  studied  by  them  (Bibl.65). 

AUyltrimethylsilane  was  synthesized  by  the  following  method: 

Preparation  a*"  *nyltrime.thylsllane»  To  5*8  mole  of  freshly  prepared  allylmag- 
nesium  bromide,  542  g  of  trimethylchlorosilane  was  added  during  the  course  of  4 
hours*  The  ether  was  then  distilled  off  in  a  rectifying  column  until  the  tempera¬ 
ture  had  reached  85°C*  The  residue  in  the  flask  was  now  heated  at  this  temperature 
for  24  hours,  after  which  it  was  hydrolyzed  with  water  and  distilled  with  steam* 

The  organic  layer  was  separated  from  the  aqueous  layer,  dried,  and  fractionated  in 
a  column  with  15  theoretical  plates,  yielding  291  g  of  allyltrimethylsilane;  boiling 
point  84*9°C  (737  am);  specific  gravity  d^  ■  0*7193*  The  yield  was  5l£  of 
theoretical* 

Diallyldi ethyl silane  was  first  prepared  by  B*N.  Yakovlev  (Bibl.98)  by  the  action 
of  allylmagnesium  bromide  on  diethyldichlorosilane: 

KHf«rtl--aiaMgBr  +  (C*H»)sSiU4  -  >  <ai,~ai--CH,)1Si(CIlll):  +  MgCI,  ■+■  MgBr,. 

The  yield  of  diallyldiethylsilane  was  60£  of  theoretical;  boiling  point  91  - 
92°C  (34  mu);  specific  gravity  d^°  -  0.8076;  index  of  refraction  tip*  ■  1*4594* 

The  product  is  polymerized  under  the  action  of  peroxides. 

The  synthesis  of  substituted  silanes  with  unsaturated  organic  radicals  has 
recently  attracted  great  attention*  A. D. Petrov  and  associates  (Bibl.99)  have  syn¬ 
thesised  a  large  number  of  unsaturated  organosilanes  by  the  action  of  oxganomagne- 
sium  and  organolithium  compounds  on  halosilanes,chloroalkyltrialkyl-(axyl)-silanes 
and  alkyl- (aryl )-halo silanes .  They  obtained  compounds  containing  double  bonds, 
double  and  triple  bonds,  etc*,  in  the  organic  radical  by  the  reactions: 

<<  U — CHBr  +  BrMcU  1/1  f-CH,  —  > 

I 

'll, 

•II* 
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or 

(CHiiaSiCI-t  BrM*n;  C-UI  CIL  - *  (CH,),SiC-i:-i:i  1=CI l2  +  McClBi 

Triphenylvinylsilane  was  prepared  by  the  action  of  phenyllithium  on  vinyltri- 
chlorosilane: 


3C,H»Li  (JIjSiCH-CHj - lQH*)*SiCII=CH*  +  3LiCI 

Substituted  silanes  containing  the  vinyl  radical  were  likewise  prepared  by  the 
action  of  a  Grlgnard  reagent  on  vinyltrlchlorosilane  (Bibl.100): 

CHj=  CHSiCI*  +  3C«H»MgBr  - *  CHs-CHSi(C«Ht),  +  JMrCIBi 

This  reaction  proceeds  in  good  yield. 

Physical  Properties 

Many  papers  have  recently  appeared  on  the  synthesis  and  study  of  the  physical 
properties  of  various  tetraalkylsilanes .  Papers  on  the  properties  of  the  new  tetra- 
alkyl silanes,  tetraarylsilanes ,  and  nixed  tetraalkyl- (aryl )- silanes  are  of  great 
interest  (Bibl.69). 

Figures  4  and  5  show  graphically  the  variation  of  certain  physical  properties 
of  t etna-substituted  silanes  with  the  number  of  carbon  atoms  in  the  molecule  (for 
comparison  the  variation  of  the  same  properties  of  the  hydrocarbons  is  also  shown) 
(Bibl.101). 

Table  12  gives  the  physical  properties  of  mixed  tetra-substituted  silanes. 

Table  13  gives  more  detailed  data  on  the  physical  properties  of  mixed 
trimethyl-  and  triethyl-  tetra-substituted  silanes.  The  boiling  point  and  specific 
gravity  of  tetra-substituted  silanes  depend  strongly  on  the  size  and  structure  of 
the  radicals  entering  into  their  molecules,  and  on  the  symmetry  of  the  molecule  as 
a  whole. 

Table  14  gives  data  on  the  physical  properties  of  tetra-substituted  silanes 
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Table  12 
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Table  12,  Continued 
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a)  Nhmj  b)  Fomla;  c)  Halting  Point,  °C;  d)  Boiling  Point,  °C;  e)  Specific 
Gravity,  df®;  f)  Refractive  Index,  n?^j  g)  Molecular  Refraction;  h)  Bibliography 
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Table  14,  Continued 
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Table  14,  Continued 
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Table  15 

Physical  Properties  of  Mixed  Tetra-Substituted  Silanes  Containing  the 

a -Naphthyl  Radical 


i 


a)  j 

b) 

_ _  _  _  [ 

c) 

d) 

e) 

i) 

* .  7 

i  ioHrSi(CH,)a 

—21,5 

118—119 
(3  me) 

0,9671 

83 

Ot-Naphthyltri- 

methylailane 

<-ioH,Si((  nHzJ.i 

40 

173 

(8  mm) 

0,9627 

83 
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propylsilane 

(-iol  l,Si(QH,), 

— 50 
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0.9493 

83 
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butylailane 

•  -ini  l,Si(C,l  l»).i 
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-- 

l 
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phenylailane 

<.»oH7Si(Cal  I«CH,):i 

174-1 70 

j  ; 

83 

a-Naphthv 1 t ri- 
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l-iol  l?Si(CHsCaH,)n 
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) 
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(qUss  ) 
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171 
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a-Naphthylbemyl- 
dipropy lsi 1 ane 

Gi»H»(CI  l.iC|H«)^>iC«l  1.,  ; 

t-ioHj((.*I  lj(.l  i  .)Si((  3H,)2 

;  5o 

(«U«*  ) 
208—210 
(0  mm] 

27 

227-229 
(1,5  mm) 

1,0697 

83 

!  83 

01-Naphthy  1  bepzyl- 
tolyipropylsilane  1 

•ml  l»(C,l  lj(.H-)(Cal  I«f4  li)Si((.,H7) 

;  83 

a-NaphthylphenyJ- 
bentyl-p  -  toiy  la  i  lane 

Cm  1 1»(C»H»)Si(«:i 

(<JU»S  ) 

40—45 

300-310 

1,126 

83 

a-Naphthy } phenyl  - 
dibutylailane 

1  -t«l  l»)Si(l.«He); 

250—  200 

(30  mm) 
256—260 

1,0258 

83 

a-Naphthyl-p-tolyl- 
dipropy 1  a i 1 ane 

Di-a-naphthyl-p- 

tolyipropylsilane 

'  iol si  1 1<  .1 1  1 7 ) 2 

! 

8 

(20  mm) 

193-195 

1,0119 

130 

M  ml  l» of  l|CI  l.i)(C.,H7)  ! 

120  , 

( 5  mm  ) 

I 

130 

i 


a)  Name;  b)  Formula;  c)  Melting  Point,  °C;  d)  Boiling  Point,  °C; 

20 

e)  Specific  Gravity,  d^  ;  f)  Bibliography 

containing  unsaturated  radicals,  while  Table  15  gives  data  on  the  physical  proper¬ 
ties  of  tetra-substituted  silanes  containing  a-naphthyl  radicals. 
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Chemical  Properties 


A  characteristic  feature  of  the  mixed  tetra- substituted  silanes  is  their  ten¬ 
dency  to  rearrangement  and  formation  of  symmetrical  compound*. 
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Fig .4  -  Relation  between  Boiling  Point 
of  Alkylsilanes  and  Number  of  Carbon 
Atoms  in  Molecule: 

1  -  Alkyltrimethylsilane;  2  -  Alkyltri- 
ethylsilane;  3  -  Hydrocarbons 


Fig. 5  -  Relation  between  Refractive 
Index  of  Alkylsilanes  and  Number  of 
Carbon  Atoms  in  Molecule: 

1  -  Alkyltrimethylsilane;  2  -  Alkyltri 
ethylsilane;  3  -  Hydrocarbons; 


a)  Number  of  C  atoms  in  molecule;  a)  Number  of  C  atoms  in  molecule; 

20 

b)  Boiling  point  at  260  mn,  °C  b)  Index  of  refraction  nQ 

When  triethylphenylsilane  is  heated,  rearrangement  takes  place  and  diethyldi- 
phenyl silane  and  tetraethylsilane  are  formed. 

When  triethylphenylsilane  is  heated  under  pressure  in  a  hydrogen  atmosphere, 
condensation  takes  place,  as  noted  by  Dolgov  (Bibl.72),  which  is  accompanied  by  the 
formation  of  symmetrical  compounds  and  cleavage  of  the  phenyl  groups: 


ii 

-’!<  J  .1 1.,  »  |(.2I  lG t,5>i — Si(t  jH,  I*  »  a,H, 
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Studying  the  rearrangement  of  many  asymmetrical  tetra-substituted  silanes,  Dolgov 
later  reached  the  conclusion  that  the  rearrangement,  according  t,o  the  conditions, 
proceeds  according  to  either  eq.(l)  or  eq.(2): 

2RSiRj  —  RtSiRj  +  SiRi 
2RSiRj  ■+•  H|  —  -  •  2RU+RjSi-SiR3 

The  former  reaction  takes  place  on  simple  heating  of  the  substance,  while  the 
second  occurs  when  it  is  heated  in  a  hydrogen  medium.  When  three  like  radicals  and 
one  unlike  radical  are  attached  to  a  silicon  atom  then  rearrangement  or  destruction 
takes  place  when  heated  in  an  atmosphere  of  hydrogen.  In  this  case,  if  the  com¬ 
pound  contains  one  phenyl  group,  it  is  displaced  rather  easily,  but  two  phenyl 
groups  at  one  silicon  atom  stabilize  the  compound,  and  no  displacement  of  a  phenyl 
group  is  observed  in  this  case. 

On  the  action  of  sulfuric  acid  on  methylethylpropylphenylsilane,  hydroxysilanes 
and  benzenesulfonic  acid  is  formed: 


(1) 

(2) 


C*H,.  yCH, 

; s r 

C.H/  XC,H, 


H.80^  ' 

Ctf/  noh 


+  C,H,SOaH 


This  reaction  may  be  used  to  prepare  hydroxysilanes  that  are  hard  to 
synthesize. 

The  action  of  sulfuric  acid  on  methylethylpropylbenzylsilane  leads  to  cleavage 
of  the  methyl  group  and  formation  of  a  silanesulfonic  acid  through  an  intermediate 
compound,  ethylpropylbenzylhydroxysilane  (Bibl.102): 

(Cl I,) (C*l  l,)Sj(CJH?)  (CH AH,)  + 1 -  -  * 

FiO  ^  yC,H7  H80  IIUS 

...  >  ''s/  - .  'Si 

c* h,/  nch,c,m0  <:,ii/  N'Cii,c.n«so,ii 
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Other  sulfonic  acids  of  organosilicon  compounds  were  synthesized  later  by  the 
action  of  chlorosulfonic  acids: 

yC\  IjC,H6  >CHsC*H|S<  )a<  )l  I 

(Q,llj)..Si  +  CISO,Oli  -  >  IICI  +  <C,H7),Si 

N«yi»  xc,h5 

Under  the  action  of  chlorosulfonic  acid  on  (C^H^C^)  (C2H^)  (i-C^H^)  (C^HyJSi,  the 
cleavage  of  the  isobutyl  group  occurs. 

Under  the  action  of  fuming  HC1  on  t ri ethyl phenyl silane ,  triethylchlorosilane 
is  formed: 


(Cj!ls),Si(Ct!  !s)  -  MCI  >  (CjH,)3SiU  +  C,H, 

Under  the  action  of  an  alloy  of  potassium  and  sodium,  or  of  potassium  amide,  on 
tetra-substituted  silane,  trialkyl-(aryl)-potassium  is  formed.  Phenylisopropyltri- 
phenylsilane,  for  instance,  undergoes  the  following  transformation  under  the  action 
of  a  sodium-potassium  alloy  in  ethyl  ether  (Bibl.104): 

CH,  Cl  I* 

•  I  Na+K  I 

— C. — Si(' #ll,)n  •  '  nil, — C — K  +  (C*H,)^iK 

\  .  /  |  C«l»Cr  j 

CM:,  a !, 

Trimethylbenzylsilane  is  converted  by  the  action  of  potassium  amide  into  trimethyl- 
silanepotassium  amide; 

(<  :i  IsIsSi  -Cl  U  H.I  Is  +  KM  Is  -  >  (Cl  l]),Si  NI 1 K  +  Cl  l*C,H, 

Mixed  tetra-substituted  silanes  with  four  unlike  substituents  possess  optical 
activity  owing  to  their  asymmetry  (Bibl.105). 

The  reaction  between  allyltrimethyl silane  and  various  chemical  compounds  pro¬ 
ceeds  in  two  directions: 
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1*  HBr,  Hi,  Cl,  and  H,  add  on  the  double  bond. 

The  addition  proceeds  in  accordance  with  the  Markovnikov  rule.  As  a  result  of 
reaction  with  hydrogen  halides,  g  -b romo pro pyl trimethyl silane  and  g-iodopropyltri- 
methylsilane  are  formed.  When  these  compounds  react  with  aqueous  alkali,  propylene 
is  evolved  and  hydroxytrimethyl silane  is  formed.  Under  the  action  of  a  hydrogen 
halide  on  allyltrimethylsilane  at  high  temperature,  a  trimethylhalosilane  and 
propylene  are  formed.  As  a  result  of  addition  of  chlorine  to  the  double  bond  of 
allyltrimethylsilane,  g  ,  y  -dichloropropyltrimethylsilane  is  formed,  which,  by  ther¬ 
mal  decomposition,  yields  trimethylchlorosilane  and  g-chloro propylene. 

2.  Under  the  action  of  sulfuric  acid,  HC1,  or  bromine,  on  allyltrimethylsil¬ 
ane,  cleavage  of  the  allyl  group  takes  place.  As  a  result  of  the  reaction,  tri- 
methylsilane  sulfate  and  propylene,  trimethylchlorosilane  and  propylene,  or  tri- 
methylbromosilane  and  g-bromopropylene,  are  respectively  obtained. 

.'2(ait)^iair-ai-CII,  +  ll^O«  -  •  [(CH,)tSi|ISO«  +  2CH,-CH-CHt 

(ci  i,),sia  ir-ai-ci  i,  + 1  la  —  -  (ch,),sici  +  a  i,-ch-ch, 

(Cll,)tSl-aif-CII-ail  +  Brs  --  -  (CHi)tSlBr  +  CH,Br_CU-CII, 

When  a  solution  of  KOH  in  methanol  reacts  with  trimethylallylsilane,  triraethyl- 
methoxysilane  and  propylene  are  formed.  Under  the  action  of  aluminum  chloride, 
allyltrimethylsilane  polymerises. 

Reaction  of  allyltrimethylsilane  with  hydrogen  bromide.  In  a  test  tube  with  a 
gas  inlet  tube,  22.8  g  of  allyltrimethylsilane  is  placed,  and  0.2  mol  of  dry  HBr 
are  passed  in.  The  reaction  proceeds  at  room  temperature,  but  it  can  also  proceed 
even  at  as  low  a  temperature  as  -60°C.  The  passage  of  HBr  is  terminated  when  the 
weight  gain  of  the  test  tube  corresponds  to  the  theoretical  (on  the  basis  of  the 
addition  of  1  mol  of  HBr  to  1  mol  of  allyltrimethylsilane).  On  fractionation  in  a 
vacuum,  27.5  g  of  g -bromopropyltrimethylsilane  is  obtained,  boiling  point  31°C 
(6  nm).  The  yield  is  IQfjL  of  theoretical. 
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The  use  of  benzoyl  peroxide  in  the  process  of  addition  of  HBr  to  allytri- 
methylsilane  does  not  lead  to  formation  of  Y -bromopropyltrimethylsilane,  but  only 
3 -bromopropyltrimethylsilane  is  obtained. 

Behavior  of  g -bromopropyltrimethylsilane  on  heating.  In  a  flask  with  reflex 
condenser,  13  g  of  P -bromopropyltrimethylsilane  is  heated  at  about  LCPC  (at  a 
temperature  over  4CPC,  decomposition  of  the  substance  is  observed).  The  yield  of 
propylene  amounts  to  73#  of  theoretical.  From  the  residue  in  the  flask,  after 
fractionation,  2.9  g  of  trimethylbromosilane  was  separated;  boiling  point  76  -  79°C. 
The  yield  was  88%  of  theoretical. 

Reaction  of  all.vltrimethylsilane  and  hydrogen  iodide.  In  a  100  ml  two-necked 
flask,  22.8  g  of  allyltrimethylsilane  is  placed  and  dry  hydrogen  iodide  is  passed 
in.  After  addition  of  85%  of  the  theoretical  quantity  of  HI  by  weight,  the  passage 
of  HI  is  stopped,  and  the  mixture  is  fractionated  under  reduced  pressure,  yielding 
22.7  g  of  0 -iodopropyltrimethylsilane;  boiling  point  57°C  (6  ran).  The  yield  is  48# 
of  theoretical. 

This  compound  f \imes  in  the  air  and  decomposes  when  heated  to  a  temperature  of 
about  75°C,  or  on  reaction  with  dilute  aqueous  alkali  or  with  anhydrous  aluminum 
chloride.  When  81  g  of  this  product  is  heated  for  30  minutes  at  80^0,  propylene  is 
formed  in  55#  yield.  As  a  result  of  fractionation  of  the  residue,  31*6  g  of  tri- 
methyliodosilane,  boiling  point  106°C,  in  yield  46#  of  theoretical,  is  obtained. 

Reaction  of  allylmethylsilane  with  hydrogen  chloride  on  heating.  In  a  flask 
with  reflex  condenser,  22.8  g  of  allylmethylsilane  is  heated  at  the  boiling  point 
with  at  the  same  time  HC1  is  passed  into  it  for  24  hours.  As  a  result  4*4  g  of  tri- 
methylchlorosilane,  boiling  point  57°C,  is  obtained.  During  the  reaction  15#  of 
propylene  is  given  off.  The  residue  contains  10.9  g  of  unreacted  allyltrimethyl¬ 
silane. 

Reaction  of  allylmethylsilane  with  chlorine.  Into  11.4  g  of  allyltrimethyl¬ 
silane  at  a  temperature  of  -70°C,  7  g  of  chlorine  is  passed  at  the  rate  of 
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0.003  mol/minute.  Fractionation  of  the  reaction  product  under  reduced  pressure 
yielded  10.3  g  (56!?)  of  (3 ,  y-dichloropropyltrimethylsilane,  boiling  36°C  (4  mm).  Of 
this  (3,  Y-dichloropropyltrimethylsilane,  7.2  g  is  heated  to  90°C  for  30  minutes, 
effecting  decomposition.  Fractionation  of  the  decomposition  products  yielded  2.6  g 
of  alkyl  chloride  with  a  boiling  point  -of  44.5°C,  in  yield  of  87^  of  theoretical, 
and  3.4  g  of  trimethylchlorosilane,  boiling  point  57°C,  in  yield  of  theoretical. 

Hydrogenation  of  allyltrimethylsilane.  In  the  presence  of  a  nickel  catalyst, 
22.8  g  of  allyltrimethylsilane  was  hydrogenated  under  a  pressure  of  1  -  3  atmos¬ 
pheres.  After  12  hours  of  hydrogenation,  14.6  g  of  butyltrimethylsilane,  boiling 
point  89°C,  yield  63%  of  theoretical,  was  obtained. 

Reaction  of  allyltrimethylsilane  with  sulfuric  acid.  On  the  reaction  of  allyl¬ 
trimethylsilane  (5.7  g)  with  strong  sulfuric  acid  (2.5  g)  at  -20°C,  5.2  g  of  impure 
trimethylsilane  sulfate  was  obtained,  melting  point  49  -  52°C.  In  this  reaction 
propylene  in  yield  of  US%  of  the  theoretical  was  also  formed. 

Reaction  of  allyltrimethylsilane  with  bromine.  In  a  100  ml  two-necked  flask, 
provided  with  a  stirrer,  22.8  g  of  allyltrimethylsilane  and  50  ml  of  anhydrous  ethyl 
ether  were  placed.  The  flask  was  placed  in  a  bath  with  solid  carbon  dioxide,  and 
32  g  of  bromine  were  added  to  the  mixture  under  vigorous  stirring.  Fractionation 
of  the  reaction  product  yielded  3  -bromopropylene  and  trimethylbromosilane.  For  the 
better  separation  of  the  products,  the  mixture  was  treated  with  water  to  convert 
the  trimethylbromosilane  into  hexaethyldisiloxane.  Treatment  with  water  and  frac¬ 
tionation  of  the  mixture  yielded  3.8  g  of  allyl  bromide  (10£),  9.4  g  of  hsxamethyl- 
di3iloxane  (585?)#  and  5.2  g  of  1,  2,  3-  tribromopropane  (75?)  with  a  boiling  point  of 
218°C;  no  3,  Y-«iibromopropyltrimethylsilane  was  obtained. 

Reaction  of  allyltrimethylsilane  with  methanol.  A  mixture  of  22.5  g  of  K0H, 

25  ml  of  anhydrous  methanol,  and  22.8  g  of  allyltrimethylsilane  was  boiled  for  24 
hours  in  a  flask  with  a  reflex  condenser.  Propylene  was  gradually  evolved  during 
the  reaction,  and  was  absorbed  by  bromine.  By  the  end  of  the  boiling,  the  yield  of 
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propylene  amounted  to  70$  of  theoretical.  Fractionation  of  the  mixture  yielded  8.6 
g  of  an  azeotropic  mixture  of  methanol  and  trimethylmethoxysilane  (18$  of  the 
methanol  by  weight)  with  a  boiling  point  of  50°C.  The  yield  of  trimethylmethoxysil- 
ane  is  about  35$  of  theoretical. 

Reaction  of  allyltrimethylsilane  with  sodium  hydroxide.  A  mixture  of  20  ml  of 
12  N  NaOH  and  3  g  of  allylmethylsilane  was  boiled  in  a  flask  with  reflex  condenser 
fcr  four  days.  5%  of  the  theoretical  amount  of  propylene  was  evolved. 

Reaction  of  allyltrimethylsilane  with  aluminum  chloride.  In  10  minutes,  22.8  g 
of  allyltrimethylsilane  was  mixed  with  2  g  of  anhydrous  aluminum  chloride,  form¬ 
ing  a  viscous  mixture,  which  was  then  extracted  with  75  ran  of  pentane  and  washed 
with  dilute  HC1.  The  pentane  was  distilled  off  under  reduced  pressure.  Fractiona¬ 
tion  of  the  residue  yielded  12.9  g  of  a  transparent  oily  polymer  of  boiling  point 
290  -  340°C  (15  mm).  Analysis  of  this  product  showed  a  silicon  content  higher  than 
theoretical.  This  allows  us  to  assert  that  in  addition  to  simple  polymerization, 
processes  of  condensation  also  take  place  here,  which  are  connected  with  the  cleav¬ 
age  of  the  alkyl  group,  so  that  the  silicon  content  of  the  product  is  increased. 

TETRA-SUBSTITUTED  SILANES  WITH  FUNCTIONAL  GROUPS  IN  THE 

ORGANIC  RADICAL 

The  synthesis  of  alkyl-  and  aryl-substituted  silanes  into  whose  organic  radi¬ 
cals  functional  groups  have  been  introduced,  has  become  widespread  in  recent  times. 
Such  functional  groups  include  the  halogens,  hydroxyl  groups,  carboxyl  groups, 
nitro  groups,  amino  groups,  etc.  Tetra-substituted  silanes  containing  functional 
groups  in  the  organic  radical  are  polar  and  susceptible  of  further  transformation. 
These  compounds  are  also  interesting  for  the  elucidation  of  the  influence  of  the 
silicon  atom  on  their  properties,  chemical  activity,  resistance  to  hydrolysis, 
mobility  of  the  substituents,  etc. 
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Tetra-Substituted  Silanes  with  a  Halogen  in  the  Organic  Radical 


Methods  of  Preparation 

As  already  stated,  under  the  action  of  a  halogen  on  mixed  tetra-substituted 
silanes,  substituted  silanes  with  a  halogen  in  the  organic  radical  may  be  formed 
(cf .page  163  ).  On  the  halogenation  of  aiylsilanes,  the  halogen  enters  in  the  para 
position  with  respect  to  silicon.  In  the  alkylsilanes,  the  halogen  may  enter  the 
a ,  g ,  or  Y -position  with  respect  to  the  silicon  atom. 

In  alkylphenylsilanes  of  the  type  R^SiC^H^,  one  hydrogen  atom  in  the  phenyl 
may  easily  be  replaced  by  a  halogen  atom: 

RtSiC«H,  4*  Cl,  —  •  R,SiC,H«Cl  +  MCI 

Tetra-substituted  silanes  containing  a  halogen  in  the  organic  radical  may  be 
prepared  by  the  action  of  the  corresponding  organomagnesium  compounds;  thus,  for 
example,  trlethyl-p-bromophenylsilane  has  been  prepared  from  p-dibromobenzene  by 
the  Grignard  reaction  (Bibl.106). 

BrQH«MgBr  +  SiCI« - *  BrC,H«SiCI,  +  MgCIBr 

BrC,U«SiCI«  +  3CjH,MgBr - -  BrC,H*Si(C,U,),  +  3MgCIBr 

By  the  same  method,  triethyl-p-chlorophenylsilane  (Bibl.107)  has  been  prepared 
from  p-chlorobromobenzene  (Bibl.107) • 

Triethyl-p-iodophenylsilane  is  obtained  on  treatment  of  the  corresponding 
organomagnesium  compound  with  iodine. 

(CsHl),SiC,H«MgBr  +  J» - *  (C,H,),SiC,H«J  +  M*BrJ 

Trimethylchloromethylsilane  is  obtained  in  good  yield  on  the  photochemical 
chlorination  of  tetramethylsilane  (Bibl.108,  85). 

(CH,)«Si  -h  Cl,  —  >  <CII,),SiCH*CI  +  I ICI 


F-TS-9191/V 


1>?1 


The  chlorination  is  accomplished  in  CCl^  solution  in  the  presence  of  a  3mall 
quantity  ( 2 %)  of  PgCl^. 

The  chlorine  atom  in  chloromethyltrimethylsilane  is  more  reactive  than  in  mono- 
chloromethyltrimethylmethane,  but  less  reactive  than  in  n-hexyl  chloride.  This  vd.ll 
be  seen  from  the  following  data  on  the  quantity  of  chlorine  cleavage  under  the 
action  of  various  saponifying  agents  on  chloromethyltrimethylsilane  (I)  and  on 
n-hexyl  chloride  (II): 


Quantity  of  Chlorine 
Cleavage,  % 


I  II 

CH^COOK  in  absolute  ethanol . .  23  29 

CH^COOK  in  glacial  acetic  acid  •  •  •  •  26  32 

KOH  in  absolute  ethanol  ........  52  69 

KOH  in  70S  ethanol  . .  16  22 

KOH,  aqueous  solution . .  0  1 


The  boiling  of  chloromethyltrimethylsilane  vdth  aqueous  silver  nitrate  for  5 
minutes  does  not  lead  to  the  formation  of  a  precipitate  of  silver  chloride.  Under 
the  action  of  sodium  iodide  in  dry  acetone  on  chloromethyltrimethylsilane,  a  halogen 
exchange  takes  place,  and  iodomethyltrimethylsilane  is  obtained,  which,  in  contrast 
to  all  organic  iodine  derivatives,  does  not  react  with  aqueous  nor  alcoholic  solu¬ 
tion  of  silver  nitrate.  When  iodomethyltrimethylsilane  reacts  with  magnesium, 
organomagnesium  compounds  are  formed  in  good  yield. 

a-  and  p -chloroethyltrichlorosilane  are  obtained  by  the  action  of  sulfuryl 
chloride  on  ethyltrichlorosilane  in  the  presence  of  a  small  amount  of  benzoyl 
peroxide: 


so  ci, 

:u,n us.a,  ------  •  a i,cHaSi<;i,  <:u,<:icii,s.<:i, 

(C|,njCOO); 
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Under  the  action  of  methylmagnesiuin  bromide  on  the  compounds  so  obtained, 
corresponding  tetra-substituted. compounds  with  a  halogen  in  the  organic  radical  are 
obtained. 

CHjCI  ICISiCI:,  ■  SClljMgBr  -  ►  CH,(;HCJSi(CH,),  3M«CIBr 

a-chlorobenzyltrichlorosilane,  C^H^CHClSiCl^,  is  obtained  by  a  similar  method,  and 
by  the  action  of  a  Grignard  reagent  can  likewise  be  converted  into  a 
tetra-substituted  silane.  Attempts  to  use  this  method  for  the  chlorination  of 
methyltrichlorosilane  and  phenyltrichlorosilane  were  unsuccessful  (Bibl.109). 

The  chlorination  of  propyltrichlorosilanes  by  means  of  sulfuryl  chloride  in 
the  presence  of  organic  peroxides  yielded  all  three  chloro-substituted  products: 

« -chloropropyltrichlorosilane  CH^CHgCHClSiCl^  (I), 
y-chloropropyltrichlorosilane  CH^CHClCHjSiCl-j  (Ii) 
^-chloropropyltrichlorosilane  CHjCICHjCHjSiClj  (III). 

The  total  yield  was  96%  of  theoretical.  The  ratio  I  :  II  :  III  was 
1  :  3.5  :  3.1. 

These  products  may  be  converted  by  the  Grignard  reaction  into  the  corresponding 
tetra-substituted  silanes  with  a  halogen  atom  in  the  organic  radical.  The 
monochloro-derivatives  of  triethylchlorosilane  and  triethylfluorosilane  were  used 
to  prepare  new  tetraalkylsilanes  containing  chlorine  in  the  organic  radical. 

Preparation  of  g-chloroethylmethyldiethyl  silane.  In  a  flask  provided  with  a 
stirrer  with  a  mercury  seal,  a  reflex  condenser,  and  a  dropping  funnel,  0.5  mol  of 
methylmagnesium  bromide  in  250  ml  of  ethyl  ether  were  prepared.  The  reagent  so 
prepared  was  added  over  a  period  of  2  hours  to  an  ether  solution  of  62  g  of 
P  -c hlo ro ethy Id i ethyl c hlo ro silane ,  and  then  the  reaction  mixture  was  heated  in  a 
flask  with  a  reflex  condenser  for  2  hours  on  a  steam  bath.  The  reaction  product  is 
treated  with  a  mixture  of  ice  and  acid  after  which  the  ether  layer  is  removed.  The 
ether  extract  is  washed  and  distilled. 
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(B -Chloroethyldiethylphenylsilane  is  prepared  by  an  analogous  method. 

The  following  are  the  properties  of  the  products  so  obtained: 

3 -Chlo  ro  ethyld i-  3 -Chloroethyldi- 

ethylmethyl silane  ethylphenylsilane 

Boiling  Point,  °C 

at  200  nan . .  125  219 

at  760  mm .  172  274 

20 

Specific  Gravity,  d^  ........  0.9036  1.0109 

20 

Refractive  Index,  n^  ........  1.4452  1.5229 

Molecular  Refraction,  MR.......  48.54  68.51 

Atomic  Refraction,  R.  ........  6.98  7.48 

Heat  of  Formation  (Calculated), 

kcal/mol  .  10,000  13,000 

Trimethyl-sec-bromobutylsilane  was  prepared  only  recently  by  A. D. Petrov  and 
G.I.Nikitina  (Bibl.110)  by  the  reaction: 


(CH,),SiU  IsMsCI  +  BrCHjCI  !*CI  I.  —  •  (C!  UhSiCHjCHtCH-Q  I, 

(O I*).-,SiCi lyCllsCIf  -CHj-i-tlBr - -•  (CH,),SiCH,CHr— CHBr 

I 

Clin 

With  the  purpose  of  modifying  organic  resins,  S.N.Ushakov  (Bibl.lll)  has  pro¬ 
posed  the  esterification  of  the  free  hydroxyl  group  of  resol  and  novolak  resins  by 
means  of  a-  or 3  -c hloro ethyl tri ethyl silane. 

Physical  Properties 

The  tetraalkyl-substituted  silanes  with  a  halogen  atom  in  the  organic  radical 
are  colorless,  very  stable  liquids,  which  distil  under  atmospheric  pressure  without 
decomposition.  Table  16  gives  the  principal  physical  properties  of  a  few  organo- 
silanes  containing  a  halogen  atom  in  the  organic  radical. 
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Table  16 


Physical  Properties  of  Organo-Substituted  Silanes  Containing  a 


Halogen  in  the  Organic  Radical 


b) 


TrxBethylchloromethy 1- 
silane 

TrimethyliodoBethyl- 

ailane 

Trimethyldichloro- 
aethy  lailane 

Triaathyl-  -chloro- 
ethylailane 

Tr iae thy lbroaop ropy 1- 
ailane 

Tr  iaa thy lch loro amyl - 
ailane 

TriB«thylbroBOOByl- 
•  ilone 


TriBathyl-p-cbloro- 

phenylailane 

TriBOthyl-p-broBo- 

phenylailano 


Triaethyl-p- fluoro- 
phanylailanc 
Diaathyldichloro* 

aathylailaaa 

Trie thy 1-a-cbloro- 
athylailaaa 

Triathyl  -  P-chloro- 
athylailaaa 

Triathyl-p-chloro- 
pbany lailane 
Tnathy  1-p-broao- 
phanylailana 
Trj|jhj||  iodoaathyl  • 

Triethyl*p-iodo- 
phanylcilana 
Trx-n*propyl*p-chloro* 
phanylatlaaa 
Tnathvl-^-dichloro- 
ethy lailane 
Triatnyl-at'iodoethyl- 
ailaaa 


(CH,)»SiCHjCI 

(CHa)sSiCHjJ 

(CHj)jSiCHCl.j 

(CHa)tSiCI  ICICI  1» 

(CHj)tSiC*H*Br 

(CM|)|SiC»Hl0Cl 

(CH,)sSiC,Hl0Br 

(CH,)sSiC.HtCl 

(CN*)sSiC«II«Br 

(CH|)»SiC«H*F 

(CHs)jSi(CHiCI)* 

(CsHs)jSiCHCICHs 

(Cjl  i()(SiCH|CI  I|CI 

(C*H,)aSiC,H«CI 

(Cal  I*)aSiC|H«Br 

(CfIl»)sSiCMsJ 

(C,Ht),SiC,H«.I 

(CsIly)sSiC|M«Cl 

(CtHs)sSiCI  IjCHCI; 

(CjII»)sSiCI  IJCIIj 


Ethyldiaathyliodo- 

aethylailana 

niathylaathyliodo- 

aathylailana 


(C*H»)(CI  Is)tSiCHtJ 
i(QII,)s(CII.,)Si(:il,J 


0 

•c 

<0 

df 

e) 

-20 

WD 

97,1 

0,8791 

1,4180 

78,85. 

(734  mm) 

108 

139,5 
(744  mm) 

1,445 

1,4917 

78 

133 

1 ,0395 

1,4430 

78.85, 

108 

117.8 
(735  mm) 

0,8768 

1,4242 

42 

70 

1,1173 

1 .4541 

(25  mm) 

90 

0,869 

1,4338 

(55  mm  ) 

92-3 

(18  mm) 

1.4590 

125 

120 

(50  mm) 

1,0282 

1,5128 

106 

147 

(50  mm) 

1,2197 

1,5302 

107.106 

92 

(60  mm) 

0,9452 

1,4711 

106 

160 

1,075 

1,4579 

78.85. 

(724  mm) 

108 

72-73 
(9  mm) 

1 ,4588(1 7  •) 

77.142 

80-82 
(3  mm) 

“•9is8(0 

1,4562(17  ) 

91,142 

|  137 

(44  mm) 
148.8-I5I 

1,0050 

1,52193 

106,107 

1,1643 

1,5332 

106,107 

(44  mm) 

216—218 

1,3418 

1,5036 

106 

165 

(44  mm) 

1,3342 

1 .56233 

106,107 

160 

(44  mm) 

0.9663 

1.51234 

106,107 

I  208 

— 

1  12 

I  97 

1  (9  mm) 

1,2959 

1,505.1 

- 

169 

1.3939 

1.4955 

(763  mm) 
194. 

'  (750  mm) 

1.3690 

1 .5005 

a)  Name;  b)  Formula;  c)  Boiling  Point,  °C:  d)  Specific  Gravity,  d 

20 

e)  Refractive  Index,  ;  f)  Bibliography 


20 

e 

4  ’ 


Chemical  Properties 

The  tetra-substituted  silanes  with  a  halogen  in  the  organic  radical  are  stable 
against  water,  and  possess  properties  close  to  those  of  organic  compounds  that  are 
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able  to  form  organomagnesium  compounds,  which  makes  it  possible  to  obtain  from  them 
new  compounds  with  complex  organic  and  organosilicon  groups.  Thus,  under  the  action 
of  various  reagents  on  bromomagnesiumphenyltriethylsilane,  the  reactions  take  place 
according  to  the  following  mechanism  (Bibl.112). 

n-CH,CH(OH)C,H«Si(C,H,)3 
n  •CtH»CH(OH)C,H«Si(C,Hi)j 

n  C,H7CH(OH)C,H«Si(C,H, ), 
n-H30-C,H7Qi(OH)C«ll«Si(CtH(|.. 
«-a,SiQiusi(C5n»)n 

From  the  mixed  tetra-substituted  silanes  containing  halogen  in  the  organic 
radical,  organosilicon  compounds  containing  atoms  of  lead,  tin,  and  arsenic  have 
been  prepared. 

Triethylsilanephenylenetrimethylplumbate  is  obtained  as  a  result  of  the  reac¬ 
tion  between  trimethylbromoplumbate  and  triethylmagnesiumbromophenylsilane. 

(QsHt)jSiC«H,MfiBr  •  (CH,),PhBr  —  -  -  (C-l  l»)*SiC,l  I4PI>(CI !,),  .MgBr* 

Triethylsilanephenylenetriethylplumbate  is  a  colorless  thick  oil  with  a  faint 

odor;  boiling  point  191°C  (17  mm);  specific  gravity  d^°  *  1.3997;  refractive  index 
20 

n*u  -  1.54937. 

Triethylsilanephenylenetriethylstannate  is  obtained  by  the  reaction  of  tri- 
ethylbromostannate  with  triethylmAgnesium  broraophenylsilane: 

iQI  I«)aSiC«l  I.MgBr  f-  (C,H,),SnBr - >  (C,Hi)jSiC,H«Sn(C,1 1,),  MgBr, 

Triethylsilanephenylenetriethylstannate  is  a  colorless,  heavy,  almost  odorless 
o  20 

oil;  boiling  point  214  C  (18  mm);  specific  gravity  d£  *  1.1216;  refractive  index 
ng°  *  1.52756. 


CHjCHO  +  HOH 
C.H  CHO  +  HOI  I 


|  C,H  CHO  +  HOH 

'iBfMgUIUSi^^Hj),'— - > 

;  "  i 

I  |  hjo-CJ^iCHO  +  HOII 
I  SIC1, 

' - > 
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Triethylsilanephenylenediphenylarsine  is  obtained  by  the  action  of  diphenyl- 
chloroarsine  on  triethylbromophenylsilane  in  the  presence  of  metallic  sodium: 

(CHsliSiQlhBr  <  J As{< -* l  2\a  >  N'aU  X.iBr  -t-  (iXNsfoSit^lhAsiCjl  lsi. 

Triethylsilanephenylenediphenylarsine  is  a  colorless  oil  soluble  in  alcohol  and 

20 

ether;  boiling  point  279  -  281°C  (17  mm);  specific  gravity  d£  =  1.1661;  refractive 
20 

index  =  1.61455. 

The  tetra-substituted  silanes  containing  chlorine  in  the  organic  radical  in 
the  a -position  do  not  enter  into  reaction  with  silver  nitrate  nor  with  alkali  in 
aqueous  alcoholic  and  aqueous  solutions,  but  the  isomers  containing  chlorine  in  the 
p-position  do. 

(3-Chloroethyltriethylsilane  is  decomposed  on  simple  boiling,  according  to  the 
reaction: 


ciQjiustfCjiij),  >  (<:si i, ),Si« :i  • 

This  reaction  is  accelerated  in  the  presence  of  AlCl^. 

Compounds  in  which  the  chlorine  is  in  the  Y-position  do  not  react  at  all  on 
titration  with  alkali,  but  on  prolonged  reaction  with  alkali,  the  cleavage  of  the 
chlorine  is  complete. 

It  follows  from  this  that  compounds  containing  the  C-Cl  bond  possess  a  reactiv¬ 
ity  which  varies  according  to  the  position  of  this  bond  with  respect  to  the  silicon 
atom  (Bibl.139).  The  compounds  containing  chlorine  in  the  organic  radical  may  be 
arranged  in  the  following  series  with  respect  to  their  reactivity:  the  most  reac¬ 
tive  are  the  compounds  containing  the  halogen  in  the  g-position,  followed  by  the 
a-position,  and,  last  of  all,  in  the  y-position. 

In  contrast  to  the  a-chloromethyltrialkylsilanes,  the  (3-chloroalkyltrialkyl- 
silanes  are  unstable,  and  even  under  the  action  of  methyl-  or  ethylmagnesium  bromide 
undergo  quantitative  decomposition  at  the  Si-C  bond  (Bibl,113).  A. D, Petrov  and 
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V.F.Mironov,  (Bibl,114)  however,  have  shown  that  in  presence  of  a  (? -chloroethyl 
radical  in  the  compound,  only  partial  cleavage  of  the  organic  radical  takes  place, 
while  the  secondary  g-chloroalkyltrialkylsilanes  react  with  RMgX  without  destroying 
the  Si-C  bond  at  all. 

They  have  synthesized  a  number  of  compounds  by  the  reaction: 


(C;H, ),SiCHtCHBr  Mg  f  C,H,Br - -  (C,H,),SiCH,CHC,H,  -  -  MgBi 

I  I 

a  i,  ch, 

(?-,  Y -Dihalo-derivatives  of  the  tetraalkylsilanes  are  easily  decomposed  on  heating 
according  to  the  reaction: 

(CHthSiCI  ljU  ICICHjCI  -  >  (CH,),SiCI  r  CH,=CH-CH/;i 

An  anhydrous  solution  of  sodium  iodide  reacts  with  chloro-derivatives  and  a 
halogen  exchange  takes  place: 

(CH,)*SiCHjCI  4-  NaJ - (CH,),SiCH,J  +  NaCI 

a-Chloro-substituted  silanes  undergo  a  number  of  transformations  under  the 
action  of  various  reagents,  for  example: 


/UVIi 

(Q  I,),SiCHaCl - *  (CIla)»SiCI 

(UI,)^ia  i^l  RONa  -  -  •  (CH^^SiCHjOK 

(C,H,),SiCHiCI  +  HSCHjCOOH  -  •  (CjH,)»SiCHs— SCH^COOI  I 

(CH,),SiCH«CI  f  ROOC-CH,  •  (CM,)^iCH,OCOCH, 
(CsiU)^iCna— a i,  ,  koi i  •  (C,n»),SiCH«ais 


Tetra-Substituted  Silanes  with  an  Alcohol  Group  in  the  Organic  Radical 

The  organosilicon  compounds  whose  radicals  contain  a  hydroxyl  group  cannot  be 
prepared  by  the  ordinary  methods  of  synthesis.  Triethylhydroxyethyl silane  has  been 
prepared  by  chlorinating  tetraethyl silane,  then  converting  the  chloro-derivative 
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into  an  acetoxy  derivative,  and  hydrolyzing  this  derivatives 


>' •jlli):,SiC2H5  -  •  (C-IIjfcSiCJUa  (Csl  l»)»SiCsU«OAc  ■  (QH,),SiCII^M,()H 

Trimethylhydroxypropylsilane  (Bibl.115)  has  been  obtained  from  chloromethyltri- 
methylsilane  by  the  action  of  magnesium  on  it,  followed  by  the  action  of  acetalde¬ 
hyde  on  the  organomagnesium  compound. 

I'.iUhSiaijCi  Mg  •  {(:u,),SiCHjMg(:i  +  ch.cho - > 

>  (CH,),SK'.[U:HCHI  •  11.0  ■  <CII,)*SiCH^K;Ha-rM*CU>H 

oMgci  Ah 

Trimethylhydroxymethylsilane  has  been  prepared  in  good  yield  by  the  following 
reaction  (Bibl.116): 


KOAc 

HOAc 

(Cl  l,),Sii.H;CI - -  ((•H,)ISi<:H2OAc 

IflA’ 


MeOH 

- -  (Clla)«SiU4«OH 


Preparation  of  trimethylacetoxymethylsilane.  A  mixture  of  3.1  mols  of  chloro- 
methyltrimethylsilane,  3*8  tools  of  potassium  acetate  and  420  ml  of  glacial  acetic 
acid  is  placed  in  a  rustless  steel  autoclave  and  heated  for  18  hours  at  190  -  192°C. 
The  contents  of  the  autoclave  are  thoroughly  washed  with  distilled  water.  The 
liquid  insoluble  in  the  water,  after  being  dried  over  anhydrous  sodium  carbonate, 
takes  on  a  light  amber  color;  its  weight  is  416.5  g  (92 %),  The  mixture  is  distilled 
in  a  column.  Almost  all  of  it  passes  over  at  136.2  -  136 .8°C  (748  mn)  and  is  tri¬ 
methylacetoxymethylsilane.  5  ml  of  the  product  passes  over  at  a  higher  temperature. 

Preparation  of  trimethylhydroxymethylsilane.  In  9  mols  of  absolute  methanol, 
420  ml  (2.5  mols)  of  trimethylacetoxymethylsilane  is  dissolved.  The  solution  is 
acidified  with  10  drops  of  concentrated  sulfuric  acid.  After  standing  at  room 
temperature  for  2  days,  165  ml  of  an  azeotropic  mixture  of  methanol  and  methyl- 
acetate  and  methyl  acetate  are  distilled  from  the  solution.  The  residue  is  diluted 
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with  4  mols  methanol  and  allowed  to  stand  4  days  at  room  temperature.  Distillation 
of  the  reaction  mixture  yields  268  ml  of  trimethylhydroxymethylsilane  (80£).  It  has 
an  odor  recalling  that  of  methanol. 

Organosilicon  Y -alcohols  with  three  carbon  atoms  between  the  silicon  atom  and 
the  OH  group  are  prepared  by  the  action  of  ethylene  oxide  on  the  magnesium  deriva¬ 
tive  of  trimethylchloromethylsilane. 

(CHj^SiCHjMgCI  +  CH* — Cl  I,-0  -  -  •  >  (CH,)iSiCH^HlCH»OMgCI 

I _ I 

(CH|)*SiCHjCHjCHjOMgCI  4-  H.O  —  -  (CH,),SiH,CH,at,OlI  MrCIOH 

Since  the  OH  group  can  be  replaced  by  bromine  under  the  action  of  PBr^,  it  is 
possible  to  prepare  e  -hydroxyamyltrimethylsilane  by  the  successive  treatment  of 
Y-hydroxypropylcrimethylsilane  with  PBr-j,  magnesium,  ethylene  oxide,  and,  finally, 
water. 

To  study  the  reactivity  of  trimethylhydroxymethylsilane,  Davis  and  Famum 
(Bibl.117)  have  compared  the  velocity  constants  of  reaction  of  equivalent  quantities 
of  two  alcohols  with  phenyl  isocyanate  in  benzene  solution.  They  found  that  on  the 
reaction  of  the  alcohols  with  phenyl  isocyanate,  the  formation  of  the  corresponding 
phenylurethane  takes  place  rapidly,  irreversibly,  completely,  and  unaccompanied  by 
side  reactions.  Trimethylhydroxymethylsilane  and  phenyl  isocyanate  react  according 
to  the  formula: 

(aishSiCHiOn  +  OC-N-Ctllj  -  *  CtH,NHCOOCHJSi(CH,), 

In  a  vessel  with  well  ground  stopper,  1  equivalent  of  phenyl  isocyanate  is 
placed  together  with  2  equivalents  of  trimethylhydroxymethylsilane  dissolved  in 
10  ml  of  dry  benzene.  The  contents  of  the  vessel  are  allowed  to  stand  for  24  hours 
at  about  25°C.  The  benzene  and  the  excess  of  the  alcohol  are  then  evaporated  off, 
and  the  liquid  is  filtered.  The  final  drying  of  the  precipitate  is  done  under  a 
high  vacuum  for  24  hours.  The  product  obtained  melts  at  80  -  80.5°C. 
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The  reaction  of  neopentyl  alcohol  with  phenol  isocyanate  was  investigated  by  a 
similar  method.  The  reaction  product  melted  at  113°C.  According  to  the  literature, 
neopentylphenylurethane  melts  at  114°C. 

For  studies  by  this  method,  benzene  solutions  of  exactly  equivalent  quantities 
of  trimethylhydroxymethylsilane  and  neopentyl  alcohol  were  prepared.  In  a  flask 
with  a  glass  stopper  quantities  of  each  solvent,  calculated  for  the  reaction  with 
1.096  g  of  phenyl  isocyanate,  exactly  measured  from  burettes,  were  mixed.  These 
solutions  were  rapidly  mixed  with  phenyl  isocyanate  and  allowed  to  stand  at  about 
25°C  for  24  hours.  Similar  experiments  were  run  with  solutions  of  trimethylhydroxy¬ 
methylsilane,  methanol,  and  ethanol.  The  silicon  content  of  the  non-volatile  reac¬ 
tion  products  was  determined,  and  the  proportion  of  the  silicon  derivative  partici¬ 
pating  in  the  reaction  was  calculated.  The  ratios  of  the  velocity  constant  of  the 
reaction  of  trimethylhydroxymethylsilane  with  phenyl  isocyanate  to  the  velocity  con¬ 
stant  of  the  reaction  of  the  corresponding  alcohol  with  phenyl  isocyanate  have  the 
following  values: 

Ksi^ROH  *-  ®  A's|/Ach,Oii  **  '49;  a  A"Si//(C)Hi0H  —  3.5< 

The  relative  velocity  constant  of  reaction  were  calculated  by  the  Davis  and 
Famum  formula,  in  which  represents  the  ratio  of  the  velocity  constant  of 

the  reaction  of  trimethylhydroxymethylsilane  with  the  diisocyanate,  to  the  velocity 
constant  of  the  reaction  with  the  other  alcohol. 

A  comparison  of  the  velocity  constant  of  the  reaction  between  trimethylhydroxy¬ 
methylsilane  and  of  several  organic  alcohols  with  phenyl  isocyanates  shows  that  the 
reactivity  of  the  organosilicon  alcohol  is  considerably  higher  than  that  of  the 
organic  alcohols  (Bibl.55)* 
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Rate  of  Constant  of  Reaction 
Alcohols  of  Alcohols  with  Phenyl 

Isocyanate 

(CH^SiCHjOH .  2.42 

(CH3)3CCH20H  .  0.45 

CRjOH .  1.000 

C2H50H .  0.82 


The  high  reactivity  of  trimethylhydroxymethylsilane  in  the  formation  of 
phenylurethane  indicates  the  activating  influence  of  the  silicon  atom  on  the  G-H 
bond.  The  elevated  activity  of  trimethylhydroxymethylsilane  may  be  explained 
(Bibl.118)  by  the  electronegative  nature  of  the  radical  (CH3)3SiCH2.  It  is,  how¬ 
ever,  impossible  to  explain  in  this  way  why  benzyl,  neopentyl  and  isobutyl  alcohol 
should  have  different  activities,  while  the  value  of  the  electronegativity  of  the 
radicals  in  them  is  almost  the  same.  The  activity  of  the  alcohols  is  apparently 
also  affected  by  their  structure. 

The  alcohols  may  be  arranged  in  the  following  series  according  to  their 
activity: 


f-.H.OH  >  OH,OH  >  QH.OH  >  C,H,OH  >  C«I  l,OH  >  C,H„OH 

.OH 

>  <QlaW£HyOH  >  CH,-C< 

iVh, 


CH, 


C.I  IjCHjOH  > 


Organosilicon  alcohols  are  viscous  liquids  with  a  number  of  the  properties  of 
organic  alcohols.  Thus,  for  example,  trimethylhydroxymethylsilane  forms  very  stable 
sodium  and  aluminum  alcoholiates,  complex  ethers,  etc. 

At  room  temperature,  sodium  slowly  dissolves  in  trimethylhydroxymethylsilane 
with  evolution  of  hydrogen. 
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2(CH,),SiCH*0H  r  2N;i  —  •  2(CHt),SiCHs0Na  |  H„ 


The  organosilicon  alcohols  behave  variously  with  respect  to  the  action  of 
alkalies.  While  (CHj^SiCf^OH  and  (CH3)2Si(CH20H)2  are  stable  compounds, 
t et ramethyl-1 , 2- (d ihyd roxymethyl )-di siloxane  is  readily  decomposed  under  the  action 
of  alcoholic  solution  of  an  alkali.  This  same  reaction  also  takes  place  when  the 
corresponding  acetoxy  derivatives  react  with  an  alkali. 


:<CH,COOCH^CH,)^iOSi(CI I,),CH,OCOCHj  3H,0  - - 

y  Si(CI  1.1)3-  -O 

-  -  6CH,COCX;i  l:1  20'  Si(CII,|. 

^SifCHjIr-O7 


Apparently  the  group  — O-Si-C-O-C-,  owing  to  the  considerable  positive  polarization 

of  the  silicon  atom  under  the  action  of  the  adjoining  oxygen  atom  and  carbonyl 
group,  is  unstable  under  the  action  of  nucleophilic  agents  (OH-groups). 

Trimethylhydroxymethylsilane,  when  dissolved  in  a  boiling  75^  solution  of  KOH, 
in  a  few  hours  forms  a  transparent  solution  from  which  a  refractory  and  easily 
inflamnable  gel  is  separated  on  the  action  of  acid;  trimethylhydroxymethylsilane 
dissolve  pure  amalgamated  foil  very  rapidly,  with  liberation  of  heat;  the  reaction 
is  cata^ytically  accelerated  by  traces  of  carbon  tetrachloride. 

When  trimethylhydroxymethylsilane  is  heated  with  a  small  amount  of  metallic 
sodium  in  a  sealed  ampule  for  4  days  at  175°C,  the  trimethylhydroxymethylsilane  does 
not  change  its  properties. 

Trimethylhydroxymethylsilane  reacts  with  trimethylchlorosilane  as  follows: 

(<•  :Hj),SiCHsOI  i  +  CISifCH,),  —  -  (CH.JjSiCHjOSKCH,),  -  HCI 

Preparation  of  hexamethyloxymethylenedisilane.  In  a  dry  solution  of  quinoline 


F-TS-9191/V 


203 


in  chloroform,  19. 7g  of  t rimethylhyd roxymethyl 3 ilane  is  dissolved,  and,  after  cool¬ 
ing  and  vigorous  stirring,  it  is  treated  with  an  equivalent  quantity  of  trimethyl- 
chlorosilane.  The  mixture  is  then  vigorously  stirred  for  5  minutes  more,  and  is 
then  diluted  with  250  ml  of  absolute  ether.  The  quinoline  hydrochloride  is  removed 
by  filtering.  Distillation  of  the  filtrate  yields  36  ml  of  h examethyloxymethyl ene- 
disilane;  boiling  point  129.8°C  (738  ran),  (in  84/8  yield). 

In  1946  it  was  found  that  (CH^SiCf^Cl  readily  forms  a  Grignard  reagent  (in 
90^  yield),  which  is  able  to  enter  into  reaction  not  only  with  alkyl  halides,  but 
also  with  carbonyl  compounds.  Under  the  action  of  this  reagent,  for  instance,  on 
acetaldehyde,  the  corresponding  secondary  alcohol 

JO 

(CliOjSiCHsMgCI  j-  Cl!,— .  (CHjJjSiCHfCHOHCI  I, 


is  obtained.  On  dehydration  of  this  alcohol,  cleavage  of  the  organic  radical  takes 
place. 


-Si  -<;i  1*01011011,  -  — Si — 01 1  •!-  CH,~CH— CM, 


This  cleavage  is  due  to  the  weakness  of  the  Si-C  bond  in  compounds  in  which 
functional  groups  (hydroxyl,  halogen,  carboxyl)  are  attached  to  the  3 -carbon  atom. 

On  displacement  of  these  functional  groups  from  the  P -carbon  atom  to  the 
Y-atom,  the  Si-C  bond  becomes  stronger.  Thus,  the  compounds  in  which  hydroxyl  and 
ether  groups  are  attached  to  the  Y -carbon  atom  have  been  found  to  be  fairly  stable. 
Compounds  of  this  type  have  been  prepared  by  the  following  reactions: 

(CH,):,Si(:i ;  CH«-  CHs— O  -  -  •  (Cl l,),SiCH,(:H:CHjOH  (l) 
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(Cl  la)aSilCI  luJjCHjMgBr  i  CM*-- dig— O  >  (CH,),Si—  (CH.)4a l-OI  I 

I _ I 


lai^sSiCHgj  i-Nn-j  < :i i;l< ;o — ai-axKiH*  — •  ainCOCH(:ooc,i ts  n»j 

i 

('  :i  isSi(<  :i  i,). 


ci  I, 

i«  ns);lSit:ii.Jciu:(X)«y  is 2i:h»m«x - =•  (cn»)*Si— cn — cn — c— on 

I 

ai.. 


(Cllj)sSit.lM:H.v — C — OH  -i-  MCI  . -•  (CHjhSiCH-CH-  C- -(  I 

I.  I 

CI  L  Cl  I, 

Table  17  gives  the  physical  properties  of  tetra-substituted  silanes  with 
alcohol  group  in  the  organic  radical. 

Table  17 

Physical  Properties  of  Tetra-Substituted  Organosilanes  Containing  an 

Alcohol  Group  in  the  Radical 


i 

b) 

; 

c) 

c 

d) 

< 

e) 

f> 

Hydroxymethyl tri - 
methyl  ail  me 

HOCH,Si(CH,);i 

121.6 

i 

0,8261 

1,4169(25-) 

116 

Hydroxy  anyl tri - 
methyl  ail  me 

!  IOC,H,*Si(CH,), 

85 

... 

1.4371 

115.118 

Hyd^poppjhyltri  - 

HOC,H«Si(C,H»)s 

(8  mm  ) 
190 

115 

Methy  lhy  droxyph  eny  1  - 
tri  ethyl  silane 

HO(CH,)C,HlSi(CfHt), 

173 — 4 
(14.5  mm) 
185 

(16,5  mm) 
199—201 

(21  mm) 

190-192 

(18  mm) 

i 

0.9596 

1.51822 

115,118 

Tthylhydroxyphmyl- 

tnethylsilme 

p-l P  jpp^lhjrdry  xybm  ayl  - 

OH(C,H,)C,H,CH,Si(C,H>), 

0,9575 

0,9491 

1.51243 

1.50343 

1 15, 1 18 

115 

o  -Prpp^jlhy  dr^xy  ben  zy  1  - 

OH(Q,H,)C,H^HfSi(C,H,), 

0.9512 

1,51212 

.115 

Di  -(hydroxymethyl  )- 
dimethyl  ail  me 

(HOCIi,)tSi(CH,)t 

130 

(27  mm) 

0,993 

I .461 1 

1 

.15 

a)  Name  b)  Formula;  c)  Boiling  Point,  °C;  d)  Specific  Gravity,  dj*  ; 

e)  Refractive  Index,  n^°;  f)  Bibliography 
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Tetra-Substituted  Silanes  with  Ether  or  Ketone  Groups  in  the  Organic  Radical 


When  chloromethyltrimethylsilane  reacts  with  sodium  alcoholates,  alkoxymethyl- 
trimethylsilanes  are  formed  (Bibl. 119)1 

(CH|)»SiCHaCI  |  RONa - ►  (CH,),SiCH,OR  +  NaCI 

Together  with  this  reaction  the  cleavage  of  the  chloromethyl  groups  and  the 
formation  of  hexamethyldisiloxane  and  methyl  chloride  also  takes  place.  This  side 
reaction  depends  on  the  molecular  weight  of  these  alkoxy  groups.  Hethoxymethyltri- 
methylsilane  is  prepared  in  good  yield  without  appreciable  cleavage  of  the  chloro¬ 
methyl  group.  Ethoxymethyltrimethylsilane  is  obtained  in  yield  up  to  70$,  and  the 
cleavage  of  the  chloromethyl  group  amounts  to  11$.  Butoxymethyltrimethylsilane  is 
obtained  in  19$  yield,  with  the  cleavage  of  the  chloromethyl  group  amounting  to  31$. 

The  silicon  content  of  ethoxymethyltrimethylsilane  may  be  determined  by  its 
oxidizing  in  the  presence  of  water. 

Preparation  of  methoxymethyltrimethylsilane.  In  40  ml  of  absolute  methanol, 

26  g  (1.13  mol)  of  metallic  sodium  is  dissolved.  To  the  solution  so  obtained 
122.5  g  (1  mol)  of  chloromethyltrimethylsilane  is  added,  and  the  mixture  is  boiled 
under  a  reflex  condenser  for  24  hours.  On  completion  of  the  reaction  the  product  is 
fractionated  in  a  90  cm  column. 

The  first  fraction  is  an  azeotropic  mixture  of  methoxymethyltrimethylsilane  and 
methanol,  and  boils  at  60°C.  This  fraction,  (165  ml),  contains  64$  of  methoxy¬ 
methyltrimethylsilane  . 

The  second  fraction,  (85  ml),  is  collected  at  61°C,  and  is  a  mixture  of 
methanol,  methoxymethyltrimethylsilane  and  chloromethyltrimethylsilane. 

The  third  fraction,  boiling  at  64°C,  is  pure  methanol. 

No  residue  of  organosilicon  compounds  is  found  in  the  still.  The  first  and 
second  fraction  are  combined,  washed  with  water  to  remove  the  methanol,  and  again 
fractionated,  giving  114  ml  of  methoxymethyltrimethylsilane  in  75^  yield.  No 
phenomena  indicating  cleavage  of  the  chloromethyl  group  are  observed  during  the 
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synthesis* 

Preparation  of  ethoxymethyltrimethylsilane.  Ethoxymethyltrimethylsilane  is 
prepared  from  sodium  ethylate,  but  before  distillation  the  mixture  is  first  neutral¬ 
ized  with  dry  HC1,  and  the  NaCl  separated  is  filtered  off.  Three  fractions  are  ob¬ 
tained  on  fractionating  the  reaction  products. 

The  first  fraction,  (80  ml),  boiling  at  65.5°C,  contains  a  mixture  of  tri¬ 
methyl  ethoxy  ethyl  silane,  ethanol,  and  a  certain  quantity  of  unreacted  chloromethyl- 
trimethyl silane . 

The  second  fraction  (25  ml),  boiling  at  72°C,  is  an  azeotropic  mixture  of 
ethanol  and  chloromethyltrime'i  ylsilane.  It  also  contains  a  small  amount  of  ethoxy¬ 
methyltrimethylsilane  . 

The  third  fraction,  (205  ml),  boils  at  74°C,  and  is  an  azeotropic  mixture  of 
ethoxymethyltrimethylsilane  and  ethanol.  This  fraction  also  contains  a  certain 
amount  of  unreacted  chloride. 

The  further  separation  of  the  reaction  product  proceeds  as  follows. 

The  first  fraction  is  treated  with  dilute  HC1.  Under  this  treatment  an  organic 
layer  separates  and  is  then  treated  with  concentrated  sulfuric  acid.  The  part  of 
the  liquid  that  does  not  dissolve  in  the  sulfuric  acid  is  trimethylchloivmethylsil- 
ane.  The  sulfuric  acid  is  then  treated  with  water,  and  a  small  amount  of  haxa- 
methyldisiloxane  is  collected. 

The  second  fraction  is  washed  with  water,  and  56£  by  volume  remains  undissolv¬ 
ed.  The  washed  organic  layer  is  then  treated  with  cold  concentrated  sulfuric  acid. 
The  part  that  does  not  dissolve  in  the  sulfuric  acid  is  chlorotrimethylsilane.  The 
sulfuric-acid  layer  is  then  diluted  with  water.  After  the  dilution  an  organic  layer 
consisting  of  ethoxymethyltrimethylsilane  is  separated. 

The  third  fraction  consists  mainly  of  ethoxymethyltrimethylsilane.  It  is 
thoroughly  washed  with  water,  dried  over  calcium  chloride,  and  fractionated.  The 
fraction,  (101  ml),  boiling  at  99  -  102°C  is  ethoxymethyltrimethylsilane  with  a  very 
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insignificant  admixture  of  chloromethyltrimethylsilane .  The  product  does  not  change 
its  properties  on  standing  for  a  few  weeks* 

Butoxymethyltrimethylsilane  is  prepared  from  sodium  butylate  and  chloromethyl¬ 
trimethylsilane,  as  methoxymethyltrimethyl silane  was  prepared,  and  is  separated  by 
fractionating  the  reaction  mixture.  The  yield  does  not  exceed  20 £.  The  molecular 
weight  of  the  product  cannot  be  determined  by  the  Meyer  method,  since  when  the 
butoxymethyltrimethylsilane  is  evaporated  in  air,  strong  explosions  have  been 
systematically  observed.  The  infrared  spectra  of  all  compounds  with  alkoxy  groups 
in  the  radicals  very  much  resemble  each  other  and  are  characterized  by  an  absorp¬ 
tion  peak  at  wavelength  llOO*"1  cm.  This  same  peak  is  also  characteristic  for  simple 
organic  ethers. 

Ethylcarbaxymethyltrimethylsilane  has  been  prepared  by  the  reaction  of  t(tri- 
methylsilyl)  methyl]  magnesium  chloride  and  ethyl  ether  with  chloroformic  acid,  by 
the  formula  (Bibl.120): 


iCHaKSKSVtaU 


— »  M*CI«  r  (U1,)tSiCII<COOC1Hi 


Ethylcarboxymethyltrimethylsilane  is  a  colorless  liquid  with  a  pleasant  fruity 
odor;  it  does  not  react  with  water.  Dilute  HC1,  alkali,  anhydrous  HC1,  bromine,  and 
absolute  ethanol  react  with  ethylcarboxyethyltrimethylsilane  according  to  the 
following  formulas: 


h- 

2(CH,)»SiQ  ljCXX)C,H,  +  lljp  --- 

-i-  HCI  - 

(CH,),SiCH£OOC.H,  +  Br,  - 
(CHj)tSiCI I3COXJ5H,  MWXI 


(QI,)jSiOSi(Clli),  +  2CH*COOC,H, 

(t-H»)*Sid  CH*COOC,H,  . 

*  (CH,),SiBr  -  BrCH,COOC,H, 

■»  (CH,)tSi(OC1H,)  +  CH|GOOC*H$ 


Preparation  of  ethylcarboxymethyltrimethylsilane.  To  325  g  of  freshly 
distilled  ethyl  ester  of  chloroforaic  acid,  1000  ml  of  dry  ether  are  added.  2  mo Is 
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of  the  Grignard  reagent  prepared  in  95*  yield  from  2  mole  of  chloromethyltrimethyl- 
silane  and  2  gram-atoms  of  magnesium  in  500  mg  of  dry  ether  is  added  gradually* 

After  introduction  of  the  Grignard  reagent  into  the  mixture,  it  is  heated  on  a  water 
bath  for  5  hours.  Owing  to  the  abundant  precipitation  of  magnesium  salts,  which 
makes  the  stirring  difficult,  1000  ml  more  of  ethyl  ether  must  be  added.  After 
standing  12  hours  at  room  temperature,  the  reaction  mixture  solidifies,  owing  to  the 
formation  of  etherates  of  magnesium  chloride.  The  reaction  mass  is  hydrolyzed  with 
1000  ml  of  3*  HC1,  the  ethereal  layer  is  washed  with  water  and  dilute  sodium  carbon¬ 
ate  solution  and  dried  over  sodium  sulfate,  and,  after  distilling  off  the  ether,  it 
is  fractionated  on  a  column  with  15  theoretical  plates,  giving  113.5  g  of  the  ethyl 
ester  of  chloroformic  acid,  in  25*  yield,  with  a  boiling  point  of  43»5°C  (120  mm), 
and  239.5  g  (1.50  mol)  of  ethylcarboxymethyltrlmethylsilane,  with  a  boiling  point  of 
75.5°C  (42  mm)  or  157°C  (730  mm).  Yield,  about  75*  of  theoretical. 

Pentamethylchloromethyldisiloxane  reacts  with  potassium  acetate  in  an  equal 
volume  of  acetic  acid  to  form  pentamethylacetoxymethyldisiloxane,  even  on  simple 
heating  of  the  mixture  to  boiling  (Bibl.21).  On  this  reaction,  a  partial  rearrange¬ 
ment  of  the  pentamethylacetoxymethyldisiloxane  into  hexamethyldisiloxane  and 
tetramethyl-l,2-di-(acetoxymethyl)-disiloxane  is  observed: 

(CH,)tSiOSi(CH,),CHfCI  +  CHfCOOK  -  3KCI  *  (CH,)^IOSi(CH.)iCHlOCOCH, 
2(CH,)fSiOSi(CH,),CH,OCOCH, 

-  (c:n,)^iOSi(CH,),  +  CHlaxx^^,)lsi08i((^,)^l^xx)c^ 

When  l,2-dichloromethyl-l,2-tetramethyldisiloxane  reacts  with  this  potassium 
acetate  under  similar  conditions,  l,2-diacetoxymethyl-l,2-tetramethyldisiloxane  is 
formed  in  quantitative  yield. 

Acetoxymethylpentamethyldisiloxane  and  l,2-dicarboxymethyl-l,2-tetramethyldi- 
siloxane  are  stable  to  the  action  of  aqueous  solutions  of  acids,  and  are  not 
hydrolyzed  even  after  56-hour  boiling  with  6  N  H-jSO^. 
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The  heating  of  1 , 2-d iao  etoxymethylt  et  ramethyld i s i loxane  with  2  N  NaOH  in  50 % 
ethanol  leads  to  its  rapid  hydrolysis,  forming  methyl  acetate  and  hexamethylcyclo- 
trisiloxane. 


NaOH 

u:M,C(X)cii)!si((;ii;,),()Si((':H.1)^:M^x:ocHj  t  ;«nau  •  * 

>  6CH,OX)CH,  +  ^l(CH,),SiO|x 

When  l,2-diacetoxymethyl-l,2-tetramethyldisiloxane  reacts  with  an  excess  of 
absolute  methanol  in  the  presence  of  HC1  in  the  cold,  1 , 2-d ihyd roxymet hyl- 1 , 2- 1  et ra- 
methyldisiloxane  is  formed  in  90%  yield.  The  methyl  acetate  liberated  is  distilled 
off  together  with  the  methanol  at  53°C,  and  then  the  residue  is  again  diluted  with 
methanol  to  the  original  volume,  and  after  24  hours  standing,  the  methanol  and 
methyl  acetate  are  removed  under  a  vacuum  at  25°C  and  20  mm  Hg.  The  residue  is 
viscuous  product  A.  The  viscosity  at  56°C  is  9.1  centistokes,  and  at  21°C  it  reach¬ 
es  32.6  centistokes.  Product  A  forms  a  di-3, 5-dinit robenzoate  with  a  melting  point 
(crystallized  from  ethanol)  of  118.5  -  119°C.  Product  A  is  unstable,  and  its  vis¬ 
cosity  increases  markedly  when  heated  half  an  hour  at  56°C.  When  the  product  is 
distilled  in  vacuo  at  5  am,  the  water  is  split  off  and  a  resin  is  formed,  which,  in 
turn,  is  again  converted  into  a  liquid  on  treatment  with  water.  The  ease  of  forma¬ 
tion  of  the  acetoxy  derivatives  from  chloromethylpentamethyldisiloxane  and  1,2-di- 
chloromethyl-l,2-tetramethyldisiloxane  is  due  to  the  fact  that  the  halogen  atom  in 
chloromethylpentamethyldisiloxane  is  in  the  a-position  with  respect  to  the  silicon 
atom. 

The  use  of  acetoacetic  ester  and  its  sodium  derivative  for  the  synthesis  of 
organosilicon  compounds  has  made  it  possible  to  prepare  the  most  varied  organic 
compounds  containing  the  silicon  atom.  The  compounds  so  prepared  have  included 
complex  ethers,  acids,  acid  chlorides,  ketones,  tertiary  alcohols,  halogen  alkyls, 
and,  finally,  compounds  with  several  functional  groups,  for  instance  keto-ethers. 

On  the  action  of  sodium-acetoacetic  ester  on  trimethyliodomethylsilane, 
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P  -  [ ethyl c a rboxy- ( ac  e  to )  -  ]  - ethyl t rimethyl s ilane  is  fonned.  The  yield  does  not  exceed 
486  of  theoretical. 


(<:ii,),sk:h..j  +cii,(:a;nco(x;.,ii5  *  nh.i  <;ii,  <;o— cii-c<xx;.,ii,, 
i  I 

This  compound,  on  treatment  with  sodium  ethylate,  forms  an  ester,  ethylcarboxy- 
ethyltrimethylsilane,  in  64  -  7056  yield: 


<ai,),SiCH,v 

)cnc;cxx;aii4-f  <  ..ii.on;.  > 

ciMXV 

(CMa)i|SiC.I  I-  CH  UX)H 

>  ;tNiic;<xx;.ii4  i  -c.ii.oii - ► 

CH,C (V 

-  >  aijCooCjii,  i  cn.,ox)Na  i- <<:ii,)aSiUi4:ii^(xx;,ii:, 


Ethylcarboxyethyl-trimethylsilane  is  also  fonned  under  the  action  of  trimethyl- 
iodomethylsilane  on  sodium-acetoacetic  ester  in  the  presence  of  an  excess  of  sodium 
ethylate. 

Ethylcarboxyethyl-trimethylsilane  is  easily  hydrolyzed  on  heating  with  dilute 
aqueous  solutions  of  acids  or  alkalies;  forming  carboxyethyltrlmethylsilane  in  8756 
yield. 

p -[ ethylcarboxy- (ac eto ) ]-ethylt rimethylsilane  is  converted  on  successive  treat¬ 
ment  with  sodium  ethylate  and  alkyl  halides  (CH^IjOr  C2H^Br)  into  P-[ ethylcarboxy- 
( ac  eto ) ]-ethylt  rimethylsilane  (in  58  -  726  yield): 


isCOx 


CNaCXXXyi, 


.  KBr 


(Cl  l,),SiCH .. 

>NnBr  +  )C-  C(XX:,,llj 

< :i  i,co<  i 

R 


The  cleavage  of  keto-ethers  with  formation  of  ketones  takes  place  under  the 
action  of  concentrated  HC1,  or  (better)  of  a  106  aqueous  NaOH  solution.  By  this 
method,  P-[aceto(alkyl)]-ethylmethylsilane  (in  816  yield)  has  been  prepared;  and 
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from  P-[ethylcarboxy-(alkyl)-aceto]-ethyltrimethylsilane,  there  have  been  prepared 
P-[aceto- (methyl) ]-ethyltrimethylsilane  (53^)  and  P  -[ac eto- (ethyl ) J-ethyltrimethyl- 
silane  (20%)  by  the  reaction: 


(CH.J.SiCil*.  /“ 

\c_ay 


N«OH 


ai,co/ 


MjO  - —  «:n,)4Si<:ntciiR<:<x:ii:i  co  c»h,oii 


HCI 


where  R  «  C2Hj,  CH^  or  H. 

From  the  organosilicon  ketones  fomed  under  the  action  of  o rganomagnesium  com¬ 
pounds,  tertiary  alcohols  are  in  turn  formed.  Thus,  from  acetomethyltrimethylsilane 
was  prepared  P -[hydroxy- (dimethyl) ]-ethylmethylailane: 

H.O 

(CH,)^iCH,C(X:il,  CHj^RBr  (CH^iCH^UIsljOMgBr 

— *•  (CH^iCH^qCHjIsOH  +  MgOllHr 

From  (ethylcarboxyethyl)-trimethylsilane  and  methylmagnesium  bromide  was  synthesized 
Y -[ hydroxy- (dimethyl) J-propyltrimethylsilane  in  yield  63%  of  theoretical: 


(Cl :i lsCH-C(XX:,l I*  -2CH,y-3r  —  » 

H  JO 

>  (Cl  l,),SICI  l,CHjC(CH))|OMgBr  +  MgBr(OQH,) - 

(CH,),SiCH,CHiC(CH,),OH  t-  MgBr(OII) 

Under  the  action  of  concentrated  HCI,  the  hydroxyl  group  of  Y-[ hydroxy- (dimethyl ) ]• 
propyltrimethylsilane  is  replaced  by  a  halogen  atom  (in  kS%  yield).  On  cautious 
oxidation  of  P-  (ac  eto )-ethyltrimethylsilane  by  sodium  hypobromite  in  an  alkaline 
medium,  carboxyethyltrimethylsilane  (in  4l£  yield)  is  formed. 

P-[ Carboxy (methyl )]-ethyltrimethylsilane  is  fomed  on  the  action  of  sodium 
alcoholate  on  P-[  (ethylcarboxy (methyl  )ac eto  ]-ethyltrimethylsilane  followed  by  acid 
cleavage  by  the  reaction: 
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i.HjCO.  .(.(JOCjII*  jHaO 

-f  2CjH,ONa  —  > 

(Q  ij)3SiCi  i...  \:n, 

(CII,),SiCH, 


CM,/ 

(CH,),SiCH, 


\  JHCI 

CM  -COONji  f  CHjCOONa  f-2C,H,01l  > 


->  \:HUX)I  I  +  CM, COOH  4.  3C,H,OH  h-  2NaCI 

cm/ 


Under  the  action  of  thionyl  chloride  on  (3 -[ carboxy  (methyl ) j-ethyltrimethylsil- 
ane,  the  acid  chloride  is  formed. 

(CM,),SiCM,CHCOOH  +  SOCI,  -  -  >  (CH,),Siai,CHCOa  SO,  MCI 
<’H»  CM, 

The  corresponding  ketones  were  prepared  by  the  action  of  dialkyl  cadmium  com¬ 
pounds  on  an  acid  chloride: 

•2(CM,),S.ai,-  Cliaxil  RjGI  -  >  2(OI,),SiCHt-CHCOR  +  CdCI, 

<:n,  cm. 


where  R  »  CHj  or  C5H5. 

Similar  substances  have  been  synthesized  using  phenyldimethyliodomethylsilane 
(CH-j^C^H^SiCIkl  instead  of  trimethyliodomethylsilane  as  the  starting  substance 
for  the  preparation  of  the  ester. 

A  characteristic  feature  of  compounds  containing  the  keto  group  is  their 
stability  to  the  action  of  aqueous  solutions  of  acids  and  alkalies.  Compounds  in 
which  the  keto  group  is  in  the  r-position  with  respect  to  the  silicon  atom  are  con¬ 
siderably  more  stable  than  compounds  in  which  the  keto  group  is  in  the  a  or 
^-position. 

The  simple  mixed  ethers  are  liquids.  Ethaxymethyltrimethylsilane  explodes 
violently  on  evaporation  in  a  stream  of  oxygen  or  air,  and  also  when  mixed  with 
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sodium  peroxide. 

Table  13  gives  the  properties  of  the  substituted  silanes  with  an  ether  group  in 
the  organic  radical. 

Table  18 


Physical  Properties  of  Substituted  Silanes  Containing  an  Ether  Group 


in  the  Radical 


Methoxymethvl- 

trimethylsilane 

Ethoxymethyl  - 
trimethyl  si  1  are 


| 


I 

CHjOCHtSUCH*)., 

<UH,OCHjSi(CHi,):, 


Dutoxymethyl* 
trimethyl  silane 
Acetoxymethyl  - 
trimetnylsilane 

Acetoxyethyltri- 
ethyl  sil  vie 

3, 5-Dini  tropheny}  - 
carboxvmethyl  tn- 
methyl  si  1  vie 


<l«H|OCH|Si(CHt)n 
( :HtCOOCl  l«Si  (CH|),  | 

CH,COOC,H«Si(C,H,):, 
c,Ha(NO,)/  :<xK^si(ai,K 


;HjOSi(CH»)., 


1 5H,axx  :iUSi(<:H,i,  I 


C) 

’C 

i 

cl) 

•c 

€) 

4° 

P 

»“ 

9) 

83 

— 

0,7576 

1 .3878 

119 

1 03 

(751  mm ) 

I 

0,755 

1.3911 

119 

150 

(738  mm) 

1 

0,774 

1.4038 

119 

136,8 

1 

1 

1 

0.8667 

1.4060 

116 

208—214 

1  _ 

• 

1  — 

116 

(70  70.5 

i 

1  116 

129.8 

1 

1 

0.77HI 

1 .3971 

116 

157.0 
(730  mm) 

l 

|0.8762 

1.4149 

120 

a)  Name;  b)  Formula;  c)  Boiling  Point,  °C;  d)  Melting  Point,  °C;  e)  Specific 

20  20 
Gravity,  d^  ;  f)  Refractive  Index,  n^  ;  g)  Bibliography 


Tetra-Substituted  Silanes  with  a  Carboxyl  Group  in  the  Organic  Radical 

Organosilicon  compounds  containing  a  carboxyl  group  in  the  organic  radical  may 
be  prepared  by  various  methods.  The  first  compounds  of  this  type  were  prepared  by 
the  action  of  the  ethyl  ether  of  chlorofomic  acid  on  trimethylmethylmagnesium- 
chlorosilane  followed  by  saponification  of  the  ester  so  obtained: 


(Cii,),SiaifMgc:i  :  auxxyi,  >  (QWSiciiwcocxyi,  rMca.. 
(CH,)asit:iis(Xxx:,!i, -•  iuo  >  (Cii.^siaijCoon  c,h,oh 
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The  first  attempts  to  separate  the  carboxymethyltrimethylsilane  did  not  lead  to 
the  desired  results,  since  on  saponification  of  the  ethyl  ester,  the  destruction  of 
the  molecule  and  cleavage  of  the  organic  radical  connected  with  the  silicon  atom 
were  observed.  It  is  only  when  the  ester  is  saponified  by  cold  water  that  the  acids 
can  be  prepared. 

Carbcxymethyltrimethylsilane  has  been  synthesized  by  the  action  of  solid  carbon 
dioxide  on  t rimethylmagnesiumchlo romethyls ilane ,  the  yield  reaching  88%  of 
theoretical. 

HaU 

.  «:n,)aSi(.!ijMg(:i  +  a>._. - *  i<  ii;,i.,Si<:n5ax)Mg<:i - ►  iai,),sic:ii;coon  mrcioii 

Other  compounds  have  also  been  prepared  by  this  method  (cf .Table  19),  such  as, 
for  instance,  carbaxymethylpentamethyldisiloxane  and  carboxymethyldimethylphenylsil- 
ane.  They  were  purified  by  rec rystallization  from  pantane. 

Carboxyethyltrimethylsilane  has  been  prepared  from  chloromethyltrlmethylsilane 
and  acetoacetic  ester  (in  63%  yield),  and  also  form  chloromethyltrlmethylsilane  and 
malonic  ester  (in  68%  yield).  It  was  purified  by  distillation  in  vacuo  at  147°C 
(65  mm). 

Table  19  gives  the  properties  of  compounds  with  a  carboxyl  group  in  the  radi¬ 
cal.  For  comparison  we  also  give,  in  the  same  Table,  data  on  a  few  organic  acids. 

It  will  be  seen  from  Table  19  that  the  presence  of  silicon  lowers  the  dissocia¬ 
tion  constant  of  acids.  With  increasing  length  of  the  carbon  chain  terminated  by 
the  carboxyl  group,  this  influence  decreases  (Bibl.22). 

Tetra-Substituted  Silanes  with  Nitro  and  Amino  Groups  in  the  Organic  Radical 

Only  a  few  representatives  of  the  tetra-substituted  silanes  with  nitro  and 
amino  groups  in  the  organic  radical  are  known.  The  literature  describes  the  pre¬ 
paration  of  tetra-substituted  silanes  containing  an  amino  group  by  reduction  of  the 
nitro  group,  for  example,  in  trimethylnitrophenylsilane  (Bibl.123)  or  by  the  action 
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Table  19 

Physical  Properties  of  Tetra-Substituted  Organosilanes  Containing 


a  Carboxyl  Group  in  the  Radical  (Bibl.148) 


b) 

c) 

<*) 

e) 

•c 

nD 

K- \V 

K/K, 

Carboxymethyl  tri¬ 
methyl  silane 

(Ot,),SiCHjC(X)H 

40 

_ 

0,60 

0,34 

Carbo  xymf  thy  1  pen  t  a- 
methyldi  siloxane 

(CH*)3SiOSi((;H,)^:H/;OOH 

17 

1,4149 

0,60 

0,34 

Csrboxymethyldi  - 
methy  lphenyl  si  1  me 

(C,H,)(CH,)tSiCH.<X)OH 

90 

-- 

l  0,54 

0.31 

Car  boxy  ethyl  di¬ 
methyl  si  lane 

•22 

1 ,4279 

i  1,24 

0,71 

Trimethy  lpropioni  c 

(CH,),u:H*(xx)ii 

-- 

|  1.00 

0,57 

Propionic  Acid 

<  iHjCHjCOOH 

( :h,cooh 

:  :: 

i  ;• 

I  1.34 

1  1 ,7s 

0,77 

1.00 

a)  Name;  b)  Formula;  c)  Melting  Point,  °C;  d)  Refractive  Index  n^;  e)  Dissociation 
Constant  at  25°C,  K  -  10^;  f)  Ratio  of  the  K  of  the  Acid  to  the  of  Acetic  Acid 

KAi 

of  dimethylaminophenyllithium  on  tetraethoxysilane  or  SiCl^  (Bibl.124): 


(CH»)*N — <^Il»I-i  -t-  (Q.H,0).Si  •  •  — •  (C,H,0),SiC,H,N(CH,)t  -  C,H,OLi 


Table  20 

Physical  Properties  of  Tetra-Substituted  Organosilanes  Containing  a 
Nitro  or  Amino  Group  in  the  Radical 


b> 

<) 

•c 

4) 

«c 

e) 

1 

(NO^,H4)«Si 

1 

1 

225-226 

149 

( NH,QH,),Si 

.380 

350 

81 

1 

140—60 
(12-14  ) 

149 

(NHAH«)^i(C,H,).. 

89—90 

149 

(NOoQH.IjSKUH,); 

102-1 03 

1 

•  149 

!  163-164 

1  1 4** 

Te$ra-(m-ni  trophenyl )  - 
ailane 

Tetra-(m-arunophanyl )- 
u  lane 

p-Ni  troph  eny  1 1  ri  - 
ethyl  silane 

DL-(m-ni  trophenyl )  - 
diethyl  silane  i 

Di-(  acetaninopheny  1 )  - 
diethylsilaie 

a)  Name;  b)  Formula;  c)  Melting  Point,  °C;  d)  Boiling  Point,  C; 


e)  Bibliography 
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Table  20  gives  the  physical  properties  of  tetra-substituted  silanes  containing 
a  nitro  or  amino  group  in  the  organic  radical# 

ORGANO-SUBSTITUTED  HIGHER  SILANES 

The  higher  silanes  are  unstable  substances  and  have  therefore  been  insuffi¬ 
ciently  studied.  The  derivatives  of  the  higher  silanes  in  which  only  some  of  the 
hydrogen  atoms  have  been  replaced  by  organic  radicals  are  also  unstable  substances. 
For  this  reason,  down  to  the  present  time,  such  substances  as,  for  example,  those  of 
the  composition  HjRS^*  H/^R^ij,  H-jRgS^*  etc.,  could  not  yet  be  prepared.  Such 
derivatives  of  trisilane,  tetrasilane,  pentasilane  and  hexasilane  have  likewise  not 
been  isolated. 

On  complete  replacement  of  the  hydrogen  in  the  higher  silanes  by  organic  radi¬ 
cals,  more  stable  substances,  which  can  be  isolated  by  the  usual  methods,  are 
obtained.  Completely  substituted  higher  silanes  of  the  composition  S^R^.  Si^Rg; 
S/jR^q  have  been  prepared  in  the  pure  fom,  and  their  properties  have  been  studied; 
but  it  has  not  been  possible  to  isolate  completely  substituted  pentasilanes  and 
hexasilanes  in  the  pure  state.  There  are  statements  that  under  the  action  of  metal¬ 
lic  sodium  on  diphenyldichlorosilane,  dodecaphenylhexasilane  is  obtained  together 
with  other  products,  and  Kipping  (Bibl.125)  assigned  the  formula  to 

this  compound.  He  also  states  that  from  the  mucilaginous  products  obtained  on  the 
action  of  metallic  sodium  on  diphenyldichlorosilane,  a  mixture  of  cyclic  phenylpoly- 
silanes  of  composition  [(C^HjJgSi]^  and  [(C^HjJjSi]^  has  been  separated.  These  sub¬ 
stances,  however,  were  not  isolated  in  the  pure  fom,  and  their  formulas  have  not 
been  established. 

Methods  of  Preparation 

Hexaethyldisilane  has  been  obtained  by  the  action  of  diethylzinc  on  hexaiodo- 
silane  in  a  sealed  tube 

Si,J,  -f-  3Z..(C2II,), - ►  Si,(C.I  Is).  A7.nl, 
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The  actual  reaction  is  considerably  more  complex,  and  by  products  are  always  formed. 
Their  composition  has  not  been  studied  (Bibl.126).  Ipat’yev  and  Dolgov  observed  the 
formation  of  hexaethyldisilane  as  a  result  of  the  action  of  hydrogen  under  pressure 
on  a  mixture  of  tetraethylsilane  and  phenyltriethylsilane  (Bibl.127) . 

By  studying  this  reaction,  Dolgov  and  Vol*nov  (Bibl.128)  were  able  to  establish 
that,  when  hydrogen  under  pressure  acts  at  280  -  300°C  on  mixed  tetra-substituted 
silanes  of  the  general  formula  R’^SiR,  there  is  not  only  the  symmetrization  reaction 
characteristic  of  mixed  tetra-substituted  compounds,  but  also  another  reaction 
always  forming  organic  derivatives  of  silane  as  by  products: 

HjSiR  -r  RSiRj  II,  - >  JR  1 1  RjSiSil^ 

By  this  method  they  prepared  not  only  hexaethyldisilane  but  also  hexamethyldisilane. 
Isobutyltriethylsilane,  under  these  conditions,  undergoes  rearrangement,  forming  a 
mixture  of  various  ethyl  and  butyl-substituted  disilanes.  They  obtained  diisobutyl- 
tetraethyldi silane  and  diethyltetraisobutyldisilane. 

Hexaethyldisilane  has  been  obtained  in  insignificant  quantities  by  the  Grignard 
reaction  (Bibl.120).  Hexaphenyldisilane  could  not  be  obtained  by  that  reaction. 

The  reaction  proceeds  with  the  formation  of  phenyl-substituted  monosilanes 
(Bibl.129). 

The  reaction  between  an  alkyl- (aryl )-halosilane  and  the  alkali  metals  potassium 
and  sodium  is  of  great  interest  for  the  preparation  of  organic  derivatives  of  disil¬ 
ane  or  the  higher  silanes.  By  means  of  this  reaction,  a  considerable  number  of  sub¬ 
stituted  polysilanes  have  been  prepared,  both  with  radicals  of  the  same  kind  and 
with  mixed  radicals.  Under  the  action  of  metallic  sodium  in  xylene  solution  on 
triphenylchloro silane,  hexaphenyldisilane  has  been  prepared  (Bibl.130): 

2(C*I l.-,l3S,<  I  2Y.  - *  H<ll»l,SiS.H  Jlsl3  -r  2Yi<  I 

By  this  method,  hexabenzyldisilane  and  mixed  derivatives  of  disilane  have  been 
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prepared  (Bibl.131) «  By  the  action  of  metallic  sodium  in  aromatic  solvents  on  di- 
phenyldichlorosilane,  octaphenylcyclotetrasilane  cam  be  obtained; 

4(C.II.)iSiCI,  +  8Ns  — (C,H,),Si/XSi(QH,)5  f  8NaQ 

SKQHj), 

Octatolyltetrasilane  and  other  substituted  higher  silanes  have  been  prepared  by 
this  method  (Bibl,132).  Together  with  octaphenylcyclotetrasilane,  octaphenyltetra- 
silane  is  also  formed.  The  following  structure  is  attributed  to  it; 

— (C.I  I,),Si(CiH,)*Si(C,Hs)tSi(C,l  l»)sSi  - 

Octaphenyltetrasilane  is  insoluble  in  the  ordinary  solvents.  According  to  Kipping, 
it  possesses  high  activity  with  respect  to  the  action  of  chlorine  and  other  halo¬ 
gens.  On  oxidation  it  forms  a  dioxide,  to  which  one  of  the  following  structures  is 
attributed; 


(C,lI,)JSiOSi(C,H,)ii 
(I)  I  or 

(C,H,)1SiOSi(C,H,)2 


Si(QI  I,), — O— Si((<H|i« 
HI)  |  I 

(C,ll,)4Si-Si(Glll,)J— O 


Under  the  assumption  of  formula  (I),  Kipping  postulates  the  existence  of  trivalent 
silicon,  which  is  not  very  probable,  since  this  compound  does  not  react  with  hydro¬ 
gen  bromide  (Bibl.132).  It  would  be  more  correct  to  assume  that  Kipping  had  to  do 
with  a  more  complex  compound  than  octaphenyltetrasilane.  This  is  confirmed  by  the 
poor  solubility  of  the  product  under  discussion  in  solvents.  The  action  of  various 
reagents  on  it,  and  its  high  sensitivity  to  chemical  reagents,  especially  to  chlor¬ 
ine,  is  due  to  the  halogen  breaking  the  Si-Si  bond  and  becoming  attached  to  the 
silicon. 

Physical  Properties 

The  substituted  higher  silanes  are  rather  stable  substances  and  can  be 
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distilled  without  decomposition.  They  are  liquid  or  crystalline  substances  in¬ 
soluble  in  water,  but  readily  soluble  in  such  organic  substances  as  benzene, 
toluene,  xylene,  dichloroethane,  benzine,  white  spirit,  ether,  and  acetone.  They 
are  sparingly  soluble  in  alcohol.  Table  21  gives  the  physical  properties  of  a  few 
representatives  of  this  group  of  compounds. 


Table  21 

Physical  Properties  of  Organo-Substitution  Products  of  Higher  Silanes 


oO 


llexamethyl  disi  lane 
Hexaethyl  di  si  lane 
Uexai  ropyl  disi  I  ane 
ill  ethyldipropyl  di¬ 
phenyl  di  si  lane 

Di  cthy  1  di  p  ropy  1  di¬ 
ban  zyl  disi  lane 
lentaphenyl-p-tolyl- 
di  si  1  me 


tnpheny  disi  lane 
Mexabenzy  di  si  lane 
Octapheny  tetrasilane 
Octapheny  Icy  clot  etra- 

1 ,  h  -ffiLphenvl  - 1 , 1 , 2, 2- 

tetratoly  ldi  si  1  ane 
l,l-Dir*«vl:l(2,2.2- 
tetralolvl  disi  lane 
Octa-p-tolyl tetra¬ 
silane 

Octa-p-tolyl cyclo- 
tetrasilane 
Di  ethyloctaphenyl  - 
tetrasilane 


b) 

c) 

<*) 

e) 

rf20 

X 

c 

(Cl  l:,),Su 

12 

1 12 

n.723 

1 5 ^ 

— 

255 

0,8403 

— 

144  (3am)  0,869 

(<  ..jl  lj)s(C.l  UlsSi; 

— 

270 

— 

(IK)  mm) 

*ijl  1 1 1 1)2^ -• 

22! »  -230 

— 

-- 

244 

(2()mm) 

... 

(C.I  !,»,!<:,  JI.CII.KSi. 

283—285 
288—  2<KJ 

«  ji.i.k :.;i i«<:h .>..s  .. 

252-253 

- 

352 

_ 

_ 

262-264 

— 

— 

(C«H«CH,),Si, 

<QH4CH,),(C4H4)sS.5 

354-356 

226-227 

— 

— 

194 

— 

(C#H,)»Si« 

335 

— 

— 

j(C,hi)3iU 

(UH.WC.H4CH  i).S  i  - 

400 

240-241 

I 

(C4H4)j(ttH4(.Hi)4Si. 

240-241 

— 

— 

(C4H4CH,)4Si4 

293 

— 

_ 

l(C4H4CH4)tSil4 

310 

— 

— 

(QH,)^C4Ht)4Si« 

254 

— 

— 

f) 


I2M.  I.< 
120.128. 1  .'>l 

152 

I5H 

1 5<  i 

159 
1 5<i 
I5<i 
132 
|.<Vt 


130.152 

ite 

152 
150 

Hi. is* 

I32I&I1 

iii 

159 

159 

132 

154 

153 


a)  Name;  b)  Formula;  c)  Melting  Point,  °C;  d)  Boiling  Point,  °C;  e)  Specific 

20  . 

Gravity  d^  ;  f)  Bibliography 


Chemical  Properties 

The  phenyl  substitution  products  of  the  higher  silanes,  on  heating  with  water 
in  the  presence  of  piperidine,  form  diphenyldihydroxysilane: 
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(C«H»)*Si«  +  8HjO  - 


•  4(C*Hj)»Si(0H)s  +  4H, 


This  reaction  may  serve  as  proof  of  the  structure  of  cyclooctaphenyltetrasil- 
ane.  The  substitution  products  of  the  higher  silanes  are  unstable  with  respect  to 
the  action  of  air  (Bibl.146).  When  heated  in  the  presence  of  air,  oxidation  of  the 
Si-Si  bond  takes  place  with  formation  of  the  siloxane  bond  Si-O-Si.  The  action  of 
alkaline  solutions  is  difficult  owing  to  their  poor  miscibility  with  solutions  of 
the  substitution  products  of  the  higher  silanes.  Under  the  action  of  alkalies  in 
the  presence  of  air,  oxidation  of  the  substitution  products  of  the  higher  silanes 
takes  place,  forming  siloxanes. 

Destructive  distillation  of  octaphenylcyclosilane  in  the  absence  of  air  leads 
to  the  formation  of  tetraphenylsilane,  triphenylsilane,  and  a  residue  of  undestroyed 
octaphenylcyclotetrasilane. 


BIBLIOGRAPHY,  Chapter  III 

1.  Stock,  A.  and  Somiesky,  C.  -  Ber.,  52,  695  (1919) 

2.  Ladenburg,  A.  -  Ber.,  5,  505  (1872) 

3»  Pape,  C.  -  Justus  Liebig* s  Ann.  der  Chem.,  222,  35  (1872) 

4.  Friedel,  C.  and  Crafts,  J.  -  Justus  Liebig’s  Ann.  der  Chem.,  127,  355  (1863) 

5 •  Friedel,  C.  and  Crafts,  J.  -  Justus  Liebig’s  Ann.  der  Chem.  136,  203  (1865); 

Ladenburg,  A.  -  Ber.,  7,  379  (1873);  Liebig’s  Ann.Chem.,  159,  259  (1871) 

6.  Kipping,  F.  -  Proc.,  Chem.  Soc.,  20,  15  (1904) 

7.  Kipping,  F.  -  Journ.  Chem.  Soc.,  91,  209  (1907) 

8.  Andrianov,K.A.,  Gribanova,0.1.,  Zhur.org.khim.  8,  552  (1938) 

9.  Kraus,  C.  and  Kelson,  W.  -  Journ.  Amer.  Chem.  Soc.,  56,  206  (1934) 

10.  Soshestvenskaya,Ye.  Zhur.org.khim.  8,  294  (1938);  10,  1300  (1940) 

11.  Andrianov, K. A.,  Kamenskaya ,M .A.  Ibid.  8,  969  (1938);  Post,  H.  and  Hofrichter,C. 

-  Journ.  Org.  Chem.,  5,  572  (1940);  U.S.Patent  2380057, (1945); 2371050, 
1944;  British  Patent  561136,  (1944) 


F-T3-9191/V 


221 


12.  Kocheshkov,K.A.  et  al.  Zhur.org .khim.  16,  177  (1946) 

13.  U.S. Patent  2386452;  C.A.,  40,  603  (1945);  Gilman,  J.  and  Clark,  R.  -  Joum. 

Amer.  Chem.  Soc.,  69,  967  (1947) 

14.  Gilman,  H.  and  Massie,  S.  -  Joum.  Amer.  Chem.  Soc.,  68,  1128  (1946) 

15.  Gilman,  H.  and  Clark,  R.  -  Journ.  Amer.  Chem.  Soc.,  69,  1499  (1947) 

15a.  Gilman,  H.  and  Clark,  R.  -  Journ.  Amer.  Chem.  Soc.,  68,  1675  (1946) 

16.  Polis,  A.  -  Ber.,  4,  19  (1871);  18,  1443  (1885);  19,  1023  (1886) 

17.  Schumb,  W. ,  Ackerman,  J.,  and  Saffer,  C.  -  Joum.  Amer.  Chem.  Soc.,  60,  2486(1938) 

18.  Manulkin,Z.M.,  Yakubova,F.  Zhur.org .khim.  10,  1300  (1940) 

19a.  Petrov,A,D.  Dok.AN  SSSR,  73,  329  (1950);  84,  515  (1950) 

19.  Wilcey,R.  -  U.S.Patent  2238669;  C.A.,  35,  4782  (1941) 

20.  Stock,  A.  -  Zeitschr.  fuer  Elektrochemie,  32,  341  (1926) 

21.  Stock,  A.  and  Somiesky,  C.  -  Ber.,  52B,  695  (1919) 

22.  Schlesinger,  H.  and  others  -  Journ.  Amer.  Chem.  Soc.,  69,  2692  (1947) 

23.  Bygden,  A.  -  Ber.,  44,  2640  (1911) 

24.  Pape,  C.  -  Ber.,  14,  1872  (1881) 

25.  Taurke,  F.  -  Ber.,  38,  1661  (1905) 

26.  Ladenburg,  A.  -  Ber.,  40,  2274  (1907) 

27.  Kipping,  F.  and  Murray,  A.  -  Joum.  Chem.  Soc.,  115,  300  (1929) 

28.  Reynolds,  H.,  Bigelow,  L.,  and  Kraus,  C.  -  Joum.  Amer.  Chem.  Soc.,  51, 

3076  (1929) 

29.  Ladenburg,  A.  -  Ber.,  40,  2274  (1907) 

30.  Ladenburg,  A.  -  Justus  Liebig* s  Ann.  der  Chem.,  173,  143  (1874) 

31.  Meals,  R.  -  Joum.  Amer.  Chem.  Soc.,  66,  1880  (1946) 

32.  Kraus,  C.  and  Nelson,  W.  -  Joum.  Amer.  Chem.  Soc.,  56,  195  (1934) 

33.  Taylor,  A.  and  Walden,  B.  -  Joum.  Amer.  Chem.  Soc.,  66  ,  842  (1944) 

34.  Evison,  and  Kipping,  F.  -  Joum.  Chem.  Soc.,  117,  2830  (1931) 

35.  Kipping,  F.  and  Murray,  A.  -  Joum.  Chem.  Soc.,  114,  1434  (1928) 


F-TS-9191/V 


222 


36.  Reynolds,  L.  Bigelow,  L.,  and  Kraus,  C.  -  Journ.  Amer.  Cheat.  Soc.,  51, 

3067  (1929) 

37.  Tahnenbaum,  S.,  Kave,  S.,  and  Lewenz,  J.  -  Joum.  Amer.  Cheat.  Soc.,  75, 

3755  (1953) 

37a.  Ladenburg,  A.  -  Ber.,  40,  2274  (1907);  Kipping,  F.,  Murray,  A.,  and  Maltby,  J.  • 
Journ.  Chan.  Soc.,  1180  (1929) 

38.  Friedel,  C.  and  Crafts,  J.  -  Justus  Liebig*s  Ann.  der  Cheat.,  136,  19  (1865) 

39.  polis,  A.  -  Ber.,  18,  1541  (1885) 

40.  Kipping.  F.  -  Proc.  Cheat.  Soc.,  20,  15  (1904);  Joum.  Cheat.  Soc.,  91,  209 

(1907);  98,  198  (1908);  Bygden,  A.  -  Ber.,  44,  2640  (1911);  Dilthey,  W. , 
Eduardoff,  F.  -  Bsr.,  45,  107  (1912) 

41.  Sooner,  L.,  Kerr,  G.,  and  Whitmore,  F.  -  Joum.  Auer.  Cheat.  Soc.,  70  434  (1948) 

42.  Sonmer,  L.  and  others  -  Joum.  Amer.  Cheat.  Soc.  68  ,  475  (1946) 

43.  Manulkin,Z.M.  Zhur.org .khim.,  16  ,  2356  (1946);  10,  1700  (1940) 

44.  Ladenburg,  A.  -  Ber.,  45,  565  (1872) 

45.  Gilman,  H.  and  Clark,  R.  -  Joum.  Amer.  Cheat.  Soc.,  68,  1675  (1946) 

46.  Dolgov,  B.N.  -  Ber.,  62,  1220  (1929) 

47.  Soshestvenskaya,Ye.  Zhur.org. khim.  8,  292  (1938) 

48.  Kocheshkov,K.A,  et  al.  Ibid.  16,  177  (1946) 

49.  Polls,  A.  -  Ber.,  18,  1540  (1885) 

5°»  Gilman,  H.  and  Clark,  K.  -  Joum.  Amer.  Cheat.  Soc.,  68,  1675  (1946) 

51.  Gilman,  H.  and  Clark  K.  -  Joum.  Amer.  Cheat.  Soc.,  69,  1499  (1947) 

52.  Calingaert,  G.  and  others  -  Joum.  Amer.  Chem.  Soc.,  61,  2755  (1939) 

53*  Smith,  R.  and  Andrews,  D.  -  Joum.  Amer.  Chem.  Soc.,  53  ,  3661  (1931) 

54*  Drew,  H.  and  Landquist,  J.  -  Joum.  Cheat.  Soc.,  167,  I48O  (1945) 

55*  Lewis,  K.  and  Newkirk,  A.  -  Joum.  Amer.  Chem.  Soc.,  69  ,  701  (1947) 

56.  Rank,  F.,  and  Bordner,  E.  -  Joum.  Cheat.  Phys.,  3,  48  (.1935);  4,  161  (1936); 

Wall,  F.  and  Eddy,  C.  -  Joum.  Amer.  Cheat.  Soc.,  61,  823  (1939) 


F-TS-9191/V 


223 


57.  Silver,  S.  -  Joum.  Cham.  Phye.,  8,  919  (1940) 

58.  Roth,  W.  -  Joum.  Amer.  Chem.  Soc.,  69,  414  (1947) 

59.  Wilcock,  D.  -  Joum.  Amer.  Chem.  Soc.,  68,  364  (1946);  Sauer,  R.  -  Journ. 

Amer.  Chem.  Soc.,  68  ,  954  (1946);  Warrick,  E.  -  Journ.  Amer.  Chem.  Soc., 
68,  2455  (1946) 

Aston,  J.  -  Joum.  Amer.  Chem.  Soc.,  62,  2567  (1940);  63,  2943  (1941) 

Clapp,  D.  -  Joum.  Amer.  Chem.  Soc.,  61,  823  (1939) 

62.  joung,  C.,  Koehler,  J.,  and  McKinney,  D.  -  Joum.  Amer.  Chem.  Soc.,  69, 

1410  (1947) 

63.  Giacomello,  G.  -  Gazetta  Chem.  Ital.,  68,  422  (1938);  Burkhard,  C., 

Decker,  B.,  and  Harker,  D.  -  Joum.  Amer.  Chem.  Soc.,  67,  2971  (1945) 

64.  Frevel,  L.  and  Hunter,  M.  -  Joum.  Amer.  Chem.  Soc.,  67,  2275  (1945) 

65.  Ushakov,S.N.,  Itenberg,A.  Zhur.org .khim.  7,  2495  (1937) 

66.  Helferich,  B.  -  Ber.,  57,  795  (1942) 

67.  Kipping,  F.  -  Joum.  Chem.  Soc.,  95,  69  (1909) 

68.  Zhur. Russ .Fiz .Khim.  Obshchestva  36,  1548  (1904);  34,  100,  201  (1902) 

69.  Whitmore,  F.,  Sonmer,  L.H.  et  al  -  Joum.  Amer.  Chem  Soc.,  68,  475  (1946); 

Tyler,  L.J.,  Sooner,  L.H.,  and  Whitmore,  F.C.  -  Joum.  Amer.  Chem.  Soc., 
70,  2876  (1948);  69,  981  (1947);  Waring,  C.E.  -  Trans.  Faraday  Soc.,  36, 
1142  (1940);  Gilman,  H.  Benkeser,  R.A.  et  al  -  Joum.  Amer.  Chem.  Soc., 
72,  1689  (1950) 

70.  Waring,  C.  -  Trane.  Faraday  Soc.,  36,  1142  (1940) 

71.  Dolgov,B.N.  Ber.  62,  1220  (1929);  Zhur. Russ. Fiz .Khim.  Obshchestva  63,  5  (1935) 

72.  Dolgov, B.N.,  Vol»nov,Yu.A.  Ibid.  63,  21  (1931) 

73.  Makarova, L.G.,  Nesmeyanov,A.N.  Zhur.org. khim.  9,  771  (1939) 

74.  Friedel,  C.  and  Crafts,  J.  -  Compt.  rend.,  56,  590  (1860);  Scott,  D.  -  Joum. 

Amer.  Chem.  Soc.,  68,  2294  (1946) 

75.  Helm,  D.  and  Mack,  E.  -  Journ.  Amer.  Chem.  Soc.,  59,  60  (1937) 


F-TS-9191/V 


224 


76.  Friedel,  C.  and  Ladenburg,  A.  -  Compt.  rend.,  53,  1083  (1876);  Bull.  Soc.  Chim. 

France,  Ser.  2,  7,  65  (1863a) 

77.  Ushakov, S.N.,  Itenberg,A,  Ibid.  7,  2495  (1937) 

78.  Whitmore,  F.  and  Sommer,  L.  -  Joum.  Amer.  Chem.  Soc.,  68  ,  481  (1946) 

79.  Polia,  A.  -  Ber.,  19,  1012a  (1886) 

80.  Polls,  A.  -  Ber.,  19,  1012a  (1886);  Kipping,  F.  and  Blombery  -  Journ.  Chem. 

Soc.,  141,  2200  (1932) 

81.  Kipping,  F.  and  Blackburn,  I.  -  Journ.  Chem.  Soc.,  147,  1095  (1935); 

82.  Meals,  R.  -  Journ.  Amer.  Chem.  Soc.,  68,  1380  (1946);  Gilman,  H.,  Brook,  A., 

and  Miller,  L.  -  Joum.  Amer.  Chem.  Soc.,  75,  3755  (1953) 

83.  Petrov, A. D.,  Chugunova,V.S.  Dok.AN  SSSR  73,  323  (1950);  Petrov,A.D.,  Sanina, 

P.S.  Zhur.org. khim.  22  (7)  1124  (1952);  Petrov,A.D.,  Chemysheva,T.I.  Dok. 
AN  SSSR  84,  515  (1952) 

84.  Ladenburg,  A.  -  Ber.,  7,  387  (1874) 

85.  Whitmore,  F.  and  Sooner,  L.  -  Joum.  Amer.  Chem.  Soc.,  68,  481  (1946) 

86.  Kipping,  F.  and  Cusa,  N.  -  Joum.  Chem.  Soc.,  147,  1088  (1935) 

87.  Martin,  G.  -  Ber.,  44,  2640  (1911);  Kipping,  F.  -  Joum.  Chem.  Soc.,  91, 

209  (1907) 

88.  Gruttner,  J.  and  Cauer,  M.  -  Ber.,  51,  1283  (1918) 

89.  Gilman,  H.  and  Kassie,  S.  -  Joum.  Amer.  Chem.  Soc.,  68,  1128  (1946) 

90.  Gilman,  H.  and  Melvin  -  Joum.  Amer.  Chem.  Soc.,  71,  40  (1949) 

91.  Petrov,A.D.,  Chemysheva,T.I.  Zhur.org .khim.  22,  1124  (1952);  Izv.AN  SSSR,  otd. 

khim.nauk  No .6,  820  (1951) 

92.  Petrov, A. D.,  Chugunova,V.S.  Dok.AN  SSSR,  No. 5,  815  (1951);  Gilman, H.  -  Joum. 

Amer.  Chem.  Soc.,  72,  4280  (1950);  72,  4884  (1950) 

93.  Petrov, A. D.,  Chemysheva,T.I.  Dok.AN  SSSR  82,  515  (1952) 

94.  Benkeser,  R.,  Landesman,  and  Foster,  D.  -  Joum.  Amer.  Chem.  Soc.,  74,  No.3, 

648  (1952) 


F-TS-9191/V 


225 


95.  Gilman,  H.  -  Joum.  Org.  Cham.,  15,  720  (1950);  72,  1689  (1950) 

96.  Soshestvenskaya,Ye.M.  Zhur.org.khim.  22(7),  1122  (1952) 

97.  Sommer,  L.H.  and  Marans,  N.S.  -  Joum.  Amer.  Cham.  Soc.,  73,  5135  (1951) 

98.  Yakovlev, B.N.  Zhur.org.khim.  19,  1969  (1949) 

99.  Petrov, A. D.,  Lukovskaya,L.D.  Dok.AN  SSSR  86,  551  (1952);  Izv.AN  SSSR,  otd.khim. 

nauk,  No.3,  564  (1952).  Petrov,A.D.,  Sadykh-Zade.  Dok.AN  SSSR  85,  1297 
(1952).  Mironov, V.F.  Dissertation  offered  for  the  degree  of  Candidate  in 
Chemical  Sciences:  Synthesis  of  hydrosilicons  through  beta-halosilanes, 
Moscow,  1952.  Jason,A.F.  and  Brooks,  H.G.  -  Joum.  Amer.  Cham.  Soc., 

74,  4582  (1952) 

100.  Nasal,  R.  and  Post,  H.  -  Joum.  Org.  Cham.,  No.10,  1379  (1952) 

101.  Andrianov,K.A«,  Sobolevskiy,M.V.  High-molecular  organosilicon  compounds. 

Oborongiz,  (1949) 

102.  Kipping,  F.  -  Joum.  Cham.  Soc.,  91,  717  (1907) 

103.  Kipping,  F.  -  Joum.  Cham.  Soc.,  93,  198  (1906) 

104.  Benkeser,  R.  and  Severson,  P.  -  Joum.  Amer.  Cham.  Soc.,  73,  1424  (1951); 

73,  5846  (1951) 

105.  Dolgov,B.N.  Organosilicon  compounds.  Goskhimtekhizdat,  (1933) 

106.  Soomar,  L. ,  Bailey,  D.,  and  Whitmore,  F.  -  Joum.  Amer.  Cham.  Soc.,  70,  2872 

(1948);  Burkhard,  C.  -  Joum.  Amer.  Cham.  Soc.,  68,  2103  (1946) 

107.  Grottner,  G.  at  al  -  Ber.,  50,  1559  (1917);  51,  ±283  (1918) 

106.  Gilman,  H.  -  Joum.  Amer.  Cham.  Soc.,  67,  1810  (1945) 

109.  So— or,  L.,  Frank,  Whitmore,  F.  -  Joum.  Amer.  Cham.  Soc.,  68,  485,  488,  1083, 

1380  (1946) 

110.  Petrov,A.D.,  Nikitina,G.I.  Izv.AN  SSSR,  otd.khim.nauk  No. 6,  966  (1952) 

111.  Ushakov, S.N.  USSR  Patent  53752;  C.A.  35,  1547  (1951) 

112.  Gruttner,  G.  and  Cauer,  N.  -  Bar.,  51,  1283  (1918) 

113.  Sommer,  L.H.,  Dorfman,  G.M.,  and  Whit— re,  T.C.  -  Joum.  Amer.  Cham.  Soc., 


F-TS-9191/V 


226 


68,  1083  (1946)?  70,  2869  (1948);  72,  1935  (1950) 

114.  Petrov, A. D.,  Mironov, V.F.  Izv.AN  SSSR,  otd.khim.nauk  No.4,  635  (1952);  No. 5, 

707  (1950) 

115.  Whitmore,  F.  and  others  -  Joum.  Amer.  Chem.  Soc.,  69,  1551  (1947) 

116.  Speier,  J.,  Daubert,  B.,  and  McGregor,  R.  -  Joum*  Amer.  Chem.  Soc.,  70, 

1117  (1948) 

117.  Davis,  E.  and  Famum  -  Joum.  Amer.  Chem.  Soc.,  56,  883  (1934);  Whitmore,  F. 

and  Sommer,  L.  -  Joum.  Amer.  Chem.  Soc.,  68,  481  (1946) 

118.  Whitmore,  F.  and  Bernstein  -  Joum.  Amer.  Chem.  Soc.,  60,  2226  (1938) 

119.  Speier,  J.  -  Joum.  Amer.  Chem.  Soc.,  70,  4142  (1948) 

120.  Gold,  J.,  Sommer,  L«,  and  Whitmore,  F.  -  Joum.  Amer.  Chem.  Soc.,  70,  2874  (1948) 

121.  -  Joum.  Amer.  Chem.  Soc.,  70,  1474  (1948) 

122.  Speier,  J.  and  others, -Sommer,  L.  and  others  -  Joum.  Amer.  Chem.  Soc.,  71, 

1509  (1949) 

123.  Dolgov, B.N.,  Panina, C.K.  Zhur.org. khim.  6,  1129  (1948);  Benkeser,  R.A.  and 

Blumfield,  P.E.  -  Joum.  Amer.  Chem.  Soc.,  74,  253  (1952) 

124.  Gilman,  H.,  Plunkett,  M.,  and  Dunn,  G.  -  Joum.  Amer.  Chem.  Soc.,  73,  1686 

(1951);  Fleming,  P.F.  —  U.S.Patent  2386452  (1945);  C.A.,  6037  (1946) 

125.  Kipping,  F.  -  Joum.  Chem.  Soc.,  119,  647  (1921) 

126.  Friedel,  C.  and  Ladenburg,  A.  -  Ann.,  19,  390  (1865) 

127.  Ipatiyev,B.N.,  Dolgov, B.N.  Ber.  62,  1220  (1929) 

128.  Dolgov,B.N«,  Vol»nov,Iu.  Zhur.org. khim.  1,  102  (1931) 

129.  Bygden  -  Ber.,  45*  707  (1912);  C.A.,  14  ,  1954  (1920);  Martin,  G.  -  Ber.,  46, 

3289  (1913);  Schaars,  R.  -  Ber.,  50,  333  (1917) 

130.  Schbenk,  W.  -  Ber.,  44,  1178  (1911) 

131.  Kipping,  F.  -  Joum.  Cham.  Soc.,  119,  647  (1921);  Gilman,  H.  -  Joum.  Amer. 

Chem.  Soc.,  75,  3762  (1953) 

132.  Kipping,  F.  -  Joum.  Chem.  Soc.,  119,  830  (1921);  123,  2590  (1923);  125,  2296 

2$7 


F-TS-9191/V 


(1924);  129,  2719  (1927);  133,  360  (1929) 

133*  Wintgen,  R.  -  Ber.,  52,  724  (1919) 

134.  Finholt,  A.E.  et  al  -  Journ.  Am.  Chem.  Soc.,  69,  2692  (1947) 

135*  Cusa,  N.W.  and  Kipping,  F.S.  -  Journ.  Chem.  Soc.,  1933,  1040 

136.  Petrov,A.D.,  Sadykh-Zade,S.I.  Dok.AN  SSSR  85,  345  (1952) 

137.  Aston,  J.G.  and  Kennedy,  R.M.  -  Journ.  Am.  Chem.  Soc.,  62,  2567  (1940) 

138.  post,  H.W.  and  Hofrichter,  C.  -  Journ.  Org.  Chem.,  5,  572  (1940) 

139.  Gilman,  H.  -  Chem.  Rev.,  41,  97  (1947) 

140.  Bygden,  A.  -  Diss  Uppsala  (1916);  C.A.,  1974  (1920) 

141.  Kipping,  F.S.  -  Journ.  Chem.  Soc.,  1927,  104 

142.  Friedel,  C.  and  Crafts,  J.M.  -  A.,  2259,  334  (1870) 

143*  Kraus,  C.A.  and  Eatough,  H.  -  Journ.  Am.  Chem.  Soc.,  55,  5508  (1933) 

144.  Marsden,  H.  and  Kipping,  F.S.  -  Proc.  Chem.  Soc.,  24,  12  (1908) 

145.  Marsden,  H.  and  Kipping,  F.S.  -  Journ.  Cham.  Soc.,  93,  198  (1906) 

146.  Challenger,  F.  and  Kipping,  F.S.  -  Journ.  Chem.  Soc.,  97,  142  (1910) 

147.  Sommer,  L.H.  and  Karans,  N.S.  -  Journ.  Am.  Chem.  Soc.,  73  ,  5135  (1951) 

148.  Sommer,  L.H.  and  Goldberg,  J.R.  et  al  -  Journ.  Am.  Chem.  Soc.,  71,  1509  (1949) 

149.  Dolgov, B.N.,  Panina, O.K.  Zh.org.khim.  6,  1129  (1948);  Benk,  R.A.  and 

Brumfield,  P.E.  -  Journ.  Am.  Chem.  Soc.,  74,  253  (1952);  Gilman,  H.  - 
Journ.  Am.  Chem.  Soc.,  73,  1686  (1951);  Fleming,  P.F.  -  USP. 2386452  (1945) 

150.  Bllta,  W.  and  Sapper,  A.  -  Z.  anorg,  allg.  Chem.,  1S6,  387  (1930);  Brockway,  L. 

and  Davidson,  N.  -  Journ.  Amer.  Chem.  Soc.,  63,  3287  (1941);  Bygden,  A. 
Bar.,  45,  707  (19a) 

151.  Bolsani,W.  Genmn  Patent  459738  (1928);  C.Z.,  1928,  II,  1716;  Dolgov,  B.N. 

and  Vol'nov,  Tu.  -  Zhur.org. khim. ,  1,  330  (1931);  Friedel,  C.  and 
Ladenburg,  A.  -  Cca^t.  rend.,  68,  920  (1669);  Kraus,  C.  and  Nelson,  W.  - 
Journ.  Amer.  Chem.  Soc.,  56,  195  (1934) 

152.  Schumb,  W.  and  Saffer,  C.  -  Journ.  Amer.  Chem.  Soc.,  61,  363  (1939) 


F-TS-9191/V 


2 28 


153*  Kipping,  F.  and  Sands,  J.  -  Joum.  Gham.  Soc.,  119,  830  (1921) 

154*  Steele,  A.  and  Kipping,  F.  -  Joum.  Chem,  Soc.,  135,  2545  (1929) 

155*  -  Reference  101,  pp. 70-71 

156.  Petrov,  A.D.  and  Chungunov,  V.S.  -  Dok.AN  SSSR  77,  815  (1951) 

157.  Bygden,  A.  -  Ber.,  44,  2640  (1911) 

158.  Frisch,  K.  and  Toung,  R.  -  Joum.  Amer.  Chen.  Soc.,  74*  4853  (1952) 

159.  Kipping,  F.  -  Joum.  Chem.  Soc.,  123  ,  2590,  2598,  2602  (1923);  125,  2296 

(1924);  129,  2719  (1927);  133  ,  360  (1929);  Flood,  E.  -  Joum.  Amer. 
Chem.  Soc.,  55,  1735  (1933) 


F-TS19191/V 


229 


CHAPTER  IV 


ESTERS  AND  HALO-ESTERS  OF  ORTHOSILICIC  ACID 

The  compounds  in  whose  molecules  the  silicon  atom  is  coupled  to  the  organic 
radicals  through  oxygen  constitute  the  extensive  and  rather  well  studied  group  of 
organic  esters  of  the  silicic  acids* 

The  contemporary  literature  manifests  a  tendency  not  to  include  the  esters  of 
orthosilicic  acid  among  the  true  organosilicon  compounds,  since  their  molecules  do 

I  I 

not  contain  the  -Si-C-  bond.  This  fact  does  undoubtedly  set  the  esters  and 

I  I 

halo-esters  of  orthosilicic  acid  apart  as  a  special  type  of  organic  derivatives  of 
silicon*  These  compounds  are  of  interest  today  not  merely  as  intermediates  in  the 
synthesis  of  the  substituted  esters,  but  also  with  reference  to  the  direct  prepara¬ 
tion  of  polysiloxanes* 

We  distinguish  simple  esters  of  orthosilicic  acid,  or  tetraalkoxy- (tet raaryl- 
axy)-silanes,  in  which  the  silicon  atom  is  bound  to  four  like  alkoxy- ^arylaxy ) 
groups,  and  mixed  esters,  in  which  the  silicon  atom  is  bound  to  unlike  alkoxy- 
(aryloxy)  groups. 

I  l 

In  the  molecules  of  halo-esters,  the  ether  bonds  -Si-O-C-  are  accompanied  by 

I  ' 

— SL-X  bonds,  X  being  a  halogen  atom;  thus,  in  their  properties,  the  halo-esters  are 

a  class  intemediate  between  full  esters  and  halo-derivatives  of  silicon*  Among  the 
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halo-esters,  simple  (with  the  same  kind  of  alkoxy  groups)  and  mixed  halo-esters 
(with  different  alkoxy  groups)  are  distinguished. 

ESTERS  OF  ORTHOSIUCIC  ACID 

Methods  of  Preparation 

Reactions  of  Esterification  of  Halosilanes 

The  principal  method  of  preparing  the  esters  of  orthosilicic  acid,  which  is  in 
widespread  use  both  in  laboratory  practice  and  in  larger  scale  operations,  is  the 
reaction  between  silicon  tetrafluoride  and  alcohols  or  phenols.  The  reaction  be¬ 
tween  SiCl^  and  ethanol  is  of  greatest  importance. 

The  preparation  of  the  ethyl  ester  of  orthosilicic  acid  tetraethoxysiloxane 
—  was  described  by  Ebelman  as  far  back  as  1846  (Bibl.l),  but  the  structure  of  the 
silicon  derivative  so  obtained  was  established  only  in  the  middle  of  the  19th 
century  by  Mendeleyev  (Bibl.2),  who  states  that  this  product  is  a  "true  neutral 
ether  of  silica".  In  1858  he  demonstrated  (Bibl.3)  that  the  reaction  proceeds 
according  to  the  following  formula*: 

SiCI,  -r  4C,H,OH  -  Si  +  41  Id 

The  process  of  esterification  of  SiCl^  by  absolute  ethanol  may  be  schematically 
represented  as  follows: 


SiCI«  +  CfH,OH  -  CI.SiOCtH,  +  MCI 
CI,SiOCtH,  +  CfH,OH  - CI*Si  (OC,l  I,),  +  lid 
CI^SI  +  CfHtOH  -  CISi  (OC,U,),  +  HCI 

CISi  (OC^H,),  4-  C*H,OH  -  Si  <OC,H,)«  +  MCI 


V.N .Dolgov* s  monograph  (Bibl.4)  erroneously  states  that  the  structure  of 
tetraethoxysilane  was  established  by  Friedel  and  Crafts.  They  published  their 
papers  in  1866  -  1870,  while  Mendeleyev  published  his  in  1858. 

2jl 
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A  certain  quantity  of  interned iate  compounds,  with  the  silicon  atom  attached  to 
both  chlorine  and  ethoxy  groups,  is  always  produced  in  the  process  of  esterifica¬ 
tion.  Such  compounds  are  called  chloro-esters  of  orthosilicic  acid,  or  alkoxy- 
chlorosilanes  (they  are  sometimes  called  "alkyl  chlorosilicates").  When  SiCl^  is 
mixed  with  alcohol,  a  complex  mixture  of  products  at  various  stages  of  esterifica¬ 
tion  is  formed.  The  process  is  in  practice  completely  irreversible.  The  course  of 
the  reaction  represented  by  the  above  equations  depends  on  the  ratio  between  the 
starting  reagents,  the  temperature,  the  vigor  of  stirring,  and  the  order  in  which 
the  components  are  mixed. 

To  accomplish  the  most  complete  esterification  it  is  advisable  to  pour  the 
SiCl^  into  the  alcohol,  taken  in  slight  excess  over  theoretical  (4.2  -  4.4  mols  per 
mol  of  SiCl^).  In  this  case  a  certain  excess  of  alcohol  will  be  maintained  in  the 
reaction  mixture  throughout  the  entire  process.  The  removal  of  the  HC1  from  the 
reaction  mixture  also  favors  the  completion  of  esterification.  This  removal  may  be 
accomplished  by  heating,  by  aspiration  of  dry  air,  or  by  neutralizing  the  residues 
of  HC1  with  sodium  ethylate  or  phosphorus  pentoxide  (Bibl.5,6,7,8). 

Preparation  of  the  ethyl  ester  of  orthosilicic  acid  (Bibl.5).  The  apparatus 
used  for  preparing  the  ethyl  ester  of  orthosilicic  acid  consists  of  a  round -bottomed 
liter  flask,  provided  with  a  stirrer,  a  reflux  condenser,  a  thermometer  and  a  drop¬ 
ping  funnel,  the  end  of  which  is  lowered  to  the  bottom  of  the  flask.  The  reflux 
condenser  is  connected  through  a  CaCl2  column  to  a  system  assuring  the  sorption  of 
the  HC1  liberated  during  the  process  of  esterification.  The  flask  is  cooled  from 
the  outside  by  ice  water. 

Into  the  flask  400  g  of  absolute  ethanol  is  charged,  the  stirrer  is  started, 
and  340  g  of  SiCl^  is  introduced  at  a  uniform  rate  through  the  dropping  funnel.  The 
rate  is  so  regulated  as  to  hold  the  temperature  of  the  mixture  in  the  20  -  40°C 
range. 

At  the  beginning  of  the  addition  of  the  SiCl^  the  process  is  strongly 
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exothermic,  mainly  on  account  of  the  heat  of  solution  of  the  HC1  in  the  alcohol. 

This  is  confirmed  by  the  fact  that  when  the  reaction  is  run  with  ethanol  which  has 
first  been  saturated  with  HC1,  the  temperature  of  the  mixture  does  not  rise. 

After  about  half  of  the  SiCl/^  has  been  introduced,  the  alcohol  is  saturated 
with  JK1,  and  the  evolution  of  HC1  is  intensified. 

At  this  time  the  source  of  heat  is  withdrawn  from  the  reaction  mixture. 

As  long  ago  as  Mendeleyev  (Bibl.2),  it  was  noted  that  the  liberation  of  heat  in 
the  process  of  esterification  of  SiCl^  could  be  compensated  almost  completely  by  the 
cooling  resulting  from  the  separation  of  HC1. 

If  the  stirring  is  vigorous,  favoring  the  evolution  of  HC1,  the  mixture  tem¬ 
perature  may  even  fall  below  zero.  At  this  stage  of  the  process  it  is  advisable  to 
heat  the  mixture  to  20  -  40°C. 

The  introduction  of  the  SiCl^  is  usually  prolonged  for  4-5  hours,  after  which 
the  mixture  temperature  is  gradually  raised  to  80° C  and  held  there  until  no  more 
HC1  is  evolved.  The  mass  is  then  cooled  and  rectified.  The  tetraethaxysilane  is 
distilled  at  166  -  168°C.  When  absolute  ethanol  is  used,  the  yield  is  70  -  %%  of 
theoretical. 

The  ratio  between  the  quantity  of  tetraethaxysilane  and  that  of  the 
high-boiling  products  in  the  reaction  mixture  is  determined  by  the  water  content  of 
the  starting  ethanol.  Thus,  when  92Jf  alcohol  is  used,  the  yield  of  tetraethaxysil¬ 
ane  falls  to  55£  of  theoretical. 

All  investigators  have  noted  the  formation  of  high-boiling  products  during  the 
synthesis  of  tetraethoxysilanes .  Mendeleyev  (Bibl.2)  was  the  first  to  express  the 
opinion  that  these  products  consist  of  polymeric  hydrolysates  of  tetraethaxysilane, 
which  was  later  completely  confirmed. 

The  effect  of  the  water  content  of  the  alcohol  on  the  yield  of  the  ethyl  ester 
of  orthosilicic  acid  has  been  shown  in  detail  by  me  (Bibl.5);  it  was  established  in 
that  paper  that  the  yield  of  ester  increases  with  the  concentration  of  the  alcohol 
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(Figure  6).  The  formation  of  high-boiling  products  has  usually  been  explained  by 
the  hydrolysis  of  the  tetraethoxysilane  by  the  moisture,  followed  by  the  condensa¬ 
tion  of  the  hydrolysis  products  into  poly- 


Fig. 6  -  Effect  of  Concentration  of 
Alcohol  on  the  Yield  of  Ethyl  Ester 
of  Orthosilicic  Acid 

a)  Alcohol  concentration,  %\  b)  Yield 
of  ester,  %  of  theoretical 


to  polychlorosilaxanes  also  take  place 


mers.  In  view  of  the  fact,  however,  that 
the  rate  of  hydrolysis  of  an  alkoxy  group 
is  much  less  than  the  rate  of  hydrolysis 
of  the  Si— Cl  group,  this  explanation  is 
not  very  plausible.  It  seems  to  me  that 
it  would  be  more  correct  to  suppose  that 
on  the  introduction  of  the  SiCl^  into  the 
mixture  of  alcohol  and  water,  parallel  to 
the  main  reaction  of  esterification  of  the 
SiCl^,  the  partial  hydrolysis  of  the  SiCl^ 
and  the  condensation  of  the  hydrolysates 

t  :i;,Sioi  i  4-  iici 


SiCi4  -|.  1  ia< » 

•-’<:i.lSi<)ii*.ci,Si(>Si<;i:,  +  nso  etc. 

or  that  there  is  hydrolysis  of  the  halo-esters  formed  in  the  initial  stage  of  ester¬ 
ification,  and  condensation  of  the  products  of  hydrolysis,  forming  polyethoxychloro- 
siloxanest 


C.I l;< >S|<;|.,  |  U )  =.-  c.1  |,OSiC!;( )l  1  -L.  IICI 

•JCjUjOSiCI.-OII  ^  C.II.-.OSiCIsOSiCMX  ,11,  -j-  II/) 
C,lllOSiC:iJOSiCI;(X:.Mj  J-  ll,n^  C.H4OSiCI.OSiCI(OII)OCcll5  -1-  MCI 
C...I  l,OSiC!,OSiCI(OI  l>cx:=l  I,  +  HOSiClsOC.II,  = 

-=  c;i  i,osicitosiCi(OC:i  i,)OSiCi,(  x:,i  i,  + 1 1,<  >  «i« . 


In  connection  with  the  processes  of  hydrolysis,  the  quantity  of  water  in  the 

234 


F-TS-9191/V 


reaction  mixture  decreases,  and  the  reaction  is  gradually  directed  toward  esterifi¬ 
cation,  at  first  of  the  SiCl^,  later  of  the  polychlorosilaxanes  and  polyethoxy- 
chlorosiloxanes  to  form  both  tetraethoxysilane  and  polyethoxysiloxanes . 

Hydrolytic  processes  may  also  occur  during  the  stage  of  wanting  up  and 
removal  of  the  HC1.  In  the  cold,  the  process  of  condensation  of  the  intemediate 
products  of  hydrolysis  does  not  proceed  to  completion,  but  on  heating  the  condensa¬ 
tion  is  more  complete,  and  in  this  case  water  is  split  off: 

Cl  ci  Cl  ci 

I  I  I  l 

-Si -on  +  HO-Si - *  -Si-O-Si-  IU> 

III] 

OCjlIj  CjHjO  OC, 

I  1  I 

The  water  first  hydrolyzes  the  -Si-Cl  bonds,  and  then  the  -Si^-OC  bonds  as  well* 

When  SiCl^  reacts  with  ethanol  containing  more  than  &%  of  water,  coagulation  of  the 
reaction  mass  is,  as  a  rule,  observed,  in  connection  with  these  processes  of  hydrol¬ 
ysis*  The  processes  of  esterification  of  SiCl^  are  still  further  complicated  by  the 
additional  formation  of  water  on  account  of  the  side  reaction  between  the  alcohol 
with  the  HC1  liberated: 

0,11,011  +  Hci  -  CJ1,CI  -j-  U,o 

When  SiCl^  reacts  with  ethanol,  this  side  reaction  does  not  exert  a  substantial  in¬ 
fluence  on  the  course  of  the  process,  but  in  the  reaction  with  methanol  it  does 
play  a  great  role*  Thus,  in  performing  the  process  by  the  same  method  as  used  in 
the  synthesis  of  tetraethoxysilane,  only  polymethoxys Hanes  are  formed  instead  of 
tetramethoxysilane .  Even  when  absolute  alcohol  is  used,  the  reaction  mixture  often 
coagulates*  The  esterification  of  SiCl^  by  methanol  takes  place  considerably  fast¬ 
er  than  by  ethanol,  and  therefore  the  synthesis  of  tetramethoxysilane  is  usually 
performed  by  rapidly  pouring  SiCl^  into  methanol,  taken  in  slight  excess  (5$), 
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followed  by  the  immediate  driving  off  of  the  HC1  and  the  unreacted  methanol  (Bibl.9). 
The  yield  of  tetramethoxysilane  in  this  case  amounts  to  60  -  802  of  the  theoretical. 
According  to  Kalinin  (Bibl.10),  the  synthesis  is  facilitated  by  using  benzene  as  a 
solvent,  adding  it  in  equal  volumes  to  the  alcohol  and  to  the  SiCl^.  The  yield  of 
tetramethoxysilane  by  this  method  is  73%  of  theoretical.  The  yields  of  tetraethoxy-, 
tetrabutoxy-,  tetraisobutoxy-  and  tetraisoanyloxysilane  are  87,  82.5*  81.6  and  79% 
respectively. 

According  to  Kreshkov  and  Nessonova  (Bihl.ll),  both  the  ethyl  and  methyl  esters 
of  orthosilicic  acid  may  be  obtained  when  the  reaction  mixture  is  cooled  with  solid 
carbon  dioxide.  The  HC1  is  removed  from  the  reaction  mixture  by  aspirating  dry  air 
through  it.  The  yield  of  the  products  in  this  case,  however,  is  not  increased;  thus 
tetramethoxysilane  is  obtained  in  yield  of  67.32  of  theoretical,  and  tetraethaxysil- 
ane  79.32  of  theoretical. 

The  esterification  of  SiCl^  by  allyl  alcohol  is  performed  by  the  same  technique 
as  that  of  methanol,  at  low  temperature,  followed  by  rapid  distillation. 

The  butyl  and  isobutyl  esters  of  orthosilicic  acid  have  been  synthesized  by  me 
by  the  method  described  for  the  synthesis  of  the  ethyl  ester  (Bibl.5).  For  the  com¬ 
pletion  of  the  reaction  I  recosnend  heating  the  product  of  esterification  to  a  tem¬ 
perature  of  about  15CPC.  A  more  convenient  method  of  synthesizing  the  esters  of  the 
higher  alcohols  is  the  alcoholysis  of  the  lower  esters.  The  velocity  of  the  esteri¬ 
fication  reaction  of  SiCl^  by  phenols  is  considerably  lower  than  that  of  the  alipha¬ 
tic  alcohols,  and  a  prolonged  heating  at  high  temperature  is  necessary  to  complete 
the  process  (Bibl.12). 

Preparation  of  tetraphenaxvsilane.  In  a  retort  provided  with  a  reflux  condens¬ 
er,  IX  g  of  phenol  is  placed  and  30  g  of  SiCl^  is  added.  When  these  reagents  are 
mixed,  no  HC1  is  evolved.  The  signs  of  a  reaction  occurring  can  be  observed  only 
after  1  to  2  hours  (at  12°C).  The  evolution  of  HC1  is  accompanied  by  a  lowering  of 
the  temperature,  and  if  the  mixture  is  not  heated,  it  stops  after  10  to  12  hours. 
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The  temperature  of  the  mixture  is  then  raised  to  60°C  and  maintained  at  this  level 
for  4-5  hours,  after  which  it  is  then  gradually  raised  to  220  -  250°C.  After 
maintaining  this  temperature  for  3  to  4  hours,  the  evolution  of  HC1  is  completed* 

The  mixture  is  now  distilled.  The  excess  of  phenol  passes  over  up  to  250°C,  the 
chloro-esters  at  250  -  270°C,  and  the  tetraphenoxysilane  at  415  -  440°C*  On  redis¬ 
tillation,  the  tetraphenoxysilane  boils  at  417  -  420°C*  It  is  a  syrupy  liquid, 
which  crystallises  when  cooled  to  0°C*  Recrystallization  from  a  mixture  of  benzene 
and  petroleum  ether  yields  crystals  of  the  melting  point  47  -  48°C.  The  yield  of 
the  product  is  78%  of  theoretical*  In  this  way  a  number  of  aromatic  esters  of 
orthosilicic  acid  were  prepared,  including  the  esters  of  phenols  containing  a  second 
hydroxyl  group,  for  example  carvacrol  and  guaiacol  (Bibl.13). 

The  preparation  of  mixed  esters  of  orthosilicic  acid  is  usually  performed  in 
two  stages: 

1*  Synthesis  of  the  alkoxyhalosilane  from  Si&4  and  the  alcohol: 

SiCU  +  *ROH  -  (RO)(gSiCl4_Jt  +  xHCl 

2.  Esterification  of  the  alkoxyhalosilane  by  a  different  alcohol: 

(ROJ.SiCI^  +  (4- jcJR'OH  -  (RO),Si  (OR')4_  +  (♦-*) HCI 

A  number  of  alkylalkylene  esters  of  orthosilicic  acid  were  prepared  by  this  method 
(Bibl.12). 

Preoarati""  nf  ^<«TTj[i«|^<ethoxysilane.  To  a  mixture  of  56*7  g  of  diethaxydi- 
chlorosilane  and  52*2  g  of  anhydrous  pyridine,  cooled  in  an  ice  bath,  36*3  g  of 
allyl  alcohol  is  gradually  added*  The  reaction  product  is  rapidly  washsd  for 
sevezml  times  with  cold  water,  dried  over  calcium  chloride,  and  distilled  in  vacuo* 
The  yield  is  72  -  60%  of  theoretical*  By  a  similar  method  the  same  product  may  be 
obtained  by  esterification  of  diallyloxydichlorosilane  by  ethanol.  The  yield  is 
70%  of  theoretical* 
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Esters  of  orthosilicic  acid  may  be  prepared  by  the  reaction  of  SiCl^  with 
esters  of  nitrous  acid  (Bibl.14) . 

SiCU  +  4CHjONO  =  Si(OCHs)«  +  4NOCI 

The  reaction  is  completed  in  the  cold,  and  the  nitrosyl  chloride  is  then  removed  by 
heating.  The  process  proceeds  more  smoothly  and  with  better  yield  if  it  is  run  in  a 
medium  of  neutral  solvent,  for  instance  in  benzene  (Bibl.15).  Tetramethoxysilane  is 
obtained  in  this  way  in  yield  of  60£  of  theoretical. 

The  esterification  of  SiCl^  may  also  be  conducted  by  the  action  of  ethylene 
oxide  (Bibl.l6);  in  this  case  esters  with  halogen  in  the  organic  radical  are  formed: 

SiCl,  +  4CH,CHsO  =  Si  (OCH,CHjCI)4 


A  substantial  advantage  of  this  process  is  that  HC1  is  not  evolved..  It  is  believed 
that  in  the  first  phase  of  the  reaction  the  HCI  dissolves  in  the  SiCl^  combined  with 
the  ethylene  oxide: 

CH-CHjO  +  HCI  «=  i  IOCHjCHjCI 
i  '  i 

In  the  second  stage,  the  HCI  is  regenerated: 

Sici4  +  4Hoai^:n!ci  -  si  (Och^i  i-cn*  -  4hci 

The  ethylene  oxide  may  either  be  pumped  into  the  autoclave  together  with  the  SiCl^ 
under  a  pressure  of  1  -  1.1  atm,  or  may  be  passed  in  in  the  form  of  bubbles  at  the 
boiling  point  of  SiCl^.  The  yield  of  tetre-0-chloroethaxysilane  amounts  to  70  -  90 % 
of  theoretical. 

An  ester  isomeric  with  tetraallylaxysilane  may  be  prepared  from  acetone  and 
SiCl^  (Bibl.17).  On  reaction  with  metallic  sodium,  acetone  fozss  acetone  alcoholate 
(phenol  fozm)  Cl^  *  CCHoOtia,  which  reacts  with  SiCl^  to  yield  the  ester  of 
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orthosilicic  acid: 


CUs  CH, 

SiCI*  +  4CH,  =»  CONa  -  Si(o£  -  CH,)4  +  4NaCI 

Whan  SiCl^  reacts  with  organic  acids,  mixed  anhydrides  of  orthosilicic  acid  may 
be  obtained: 


SiCi4  +  4KCOOM  =  Si(OCOR)*  +  4HCi 

K.D.Petrov  (Bibl.18)  has  prepared  the  most  interesting  representative  of  this 
class  of  compound,  silicoformic  anhydride* 

Preparation  of  ailicofomlc  anhydride.  To  a  solution  of  92  g  of  fomic  acid  in 
150  ml  of  benzene,  under  stirring  and  cooling,  85  g  of  SiCl^  are  poured.  The  mix¬ 
ture  is  heated  to  60°C  on  a  water  bath  until  the  evolution  of  HCl  stops,  and  then 
for  1  hour  on  a  boiling  water  bath.  The  benzene  is  distilled  off  and  then,  under 
reduced  pressure  of  20  mm,  the  unreacted  fomic  acid.  The  residue  in  the  flask  is 
silicoforaic  anhydride  contaminated  by  the  products  of  its  partial  decomposition, 
which  are  siloxanes  of  the  following  structure  (Bibl.19): 

/I I — C — 0\  Si  rosi  /OC— H\  1  OC-H 

\  O  /,  l  \  <5  /J,  o 

The  product  so  obtained  can  be  used  for  the  synthesis  of  aromatic  aldehydes  and 
esters  of  fomic  acid. 

By  the  same  reaction  as  SiCl^,  the  other  chlorosilanes  and  oxychlorosilanes 
also  react  with  alcohols  and  phenols.  The  reaction  of  an  aliphatic  alcohol  with 
trichlorosilane  (Bibl.20)  may  take  place  either  with  formation  of  a  trialkylsiloxane 
HSi(OR)^  or  a  tetraalkoxysilane.  The  velocity  of  the  second  reaction,  in  which 

I 

cleavage  of  the  -Si-H  bond  occurs,  decreases  at  a  low  temperature,  even  when  a 
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•solvent  is  used,  and  also  decreases  with  increasing  molecular  weight  of  the  alcohol. 
When  72  ml  of  absolute  ethanol  is  added  to  25  ml  of  trichlorosilane  at  a  temperature 
of  0°C,  the  reaction  product  will  contain  only  tetraethoxysilane  (14  g).  If  at  the 
same  temperature,  35  ml  of  ethanol  is  added  to  15  ml  of  trichlorosilane  dissolved  in 
50  ml  of  benzene,  and  the  mixture  is  held  at  0°C  for  2  hours,  the  reaction  product 
will  contain  12  g  of  triethoxysilane  and  3  g  of  tetraethoxysilane  (Bibl.20).  From 
butyl  alcohol,  in  the  absence  of  a  solvent,  16£  of  tributoxysilane  and  32£  tetra- 
butoxysilane  is  formed,  while  in  a  solvent  it  is  11%  of  tributoxysilane  and  7%  of 
tetrabutoxysilane  that  are  formed. 

On  heating  hexachlorodisilane  (Bibl.21)  with  ethanol,  hexaethoxy silane  in  25% 
yield  is  formed;  the  reaction  with  propyl  alcohol  leads  to  the  formation  mainly  of 
tetrapropoxy silane  with  12%  of  hexapropoxydisilane. 

The  reaction  of  esterification  of  polychlorosiloxanes  takes  place  at  a  rela¬ 
tively  lower  velocity  than  the  reaction  of  esterification  of  SiCl^,  and  it  requires 
higher  temperatures  for  its  completion.  The  process  with  ethanol  is  conducted  with 
the  removal  of  the  HC1  by  a  current  of  nitrogen  (Bibl.22),  otherwise  the  prolonged 
heating  of  the  mixture  will  lead  to  its  hydrolysis  on  account  of  the  water  formed  by 
the  reaction  of  the  alcohol  with  HC1.  In  this  way  a  number  of  polyethoxysiloxanes, 
up  to  hexasiloxane,  were  prepared.  The  reaction  velocity  depends  to  a  considerably 
greater  extent  on  the  number  of  silicon  atoms  in  the  siloxane  chain  than  on  the 
molecular  weight  or  the  structure  of  the  alcohol.  Thus,  to  complete  the  reaction: 

Si.O-Clu  +  HGHjOl  I  Si.o,  (OC,H,)„  -f  1 4HCI 

the  reaction  mixture  must  be  heated  to  160°C,  while  heocachlorodisiloxane  can  be 
esterified  by  cyclohexanol  at  a  lower  temperature. 

When  a  mixture  of  11  g  of  hexachlo rod i siloxane,  50  ml  of  ethyl  ether,  and  27  g 
of  cyclohexanol  is  boiled  for  8  hours,  hexacyclohexyloxydisilo/ane  is  formed 
(Bibl.23)  as  crystals  with  a  melting  point,  after  recrystallization  from  benzene  and 
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dioxane,  is  217.1  -  217. 6°C. 

It  is  commonly  known  that  the  phenols  give  practically  no  reaction  with  HCl, 
and  therefore  the  esterification  of  polychlorosiloxanes  by  phenols  can  be  accom¬ 
plished  without  taking  special  measures  of  precaution  against  the  action  of  HCl 
(Bibl.24).  The  mixture  of  polychlorosiloxanes  obtained  by  the  reaction  of  silicon 
with  a  mixture  of  chlorine  and  oxygen  is  heated  with  twice  the  amount  of  phenol. 

The  reaction  of  esterification  is  completed  at  a  temperature  of  about  200°C,  and 
then,  on  heating  up  to  500°C,  the  polyphenylsiloxanes  are  distilled  off.  A  study  of 
the  reaction  product  shows  that  they  consist  of  linear  polyphenoxysiloxanes  up  to 
heptasiloxane;  in  addition,  the  presence  of  octaphenoxycyclotetraphenoxane  has  been 
established. 

The  papers  (Bibl.21)  pointing  to  the  formation  of  considerable  quantities  of 
tetraalkoxysilanes  on  the  esterification  of  hexachlorodisiloxane  are  of  very  great 
theoretical  interest.  Thus,  for  example,  when  50  ml  of  propyl  alcohol  is  heated 
with  20  ml  of  hexachlorodisiloxane  at  120°C  until  the  evolution  of  HCl  stops,  a  mix¬ 
ture  is  obtained  which,  on  rectification  in  vacuo,  yields  6  g  of  tetrapropoxysilane 
of  boiling  point  125  -  130°C  (25  nm)  and  8.5  g  of  hexapropctxydisiloxane,  with  a 
boiling  point  of  205  -  208° C  (25  mm). 

The  HCl  liberated  during  the  reaction  probably  catalyzes,  at  a  high  tempera¬ 
ture,  the  process  of  rearrangement  of  the  siloxane  bonds,  leading  to  the  formation 
of  tetraalkorqrsilanes  and  high-molecular  products  by  the  following  reaction: 

'JU3Si<')SiCI3  -I-  rJC,l l;ol I  S:(o.  li-i,—  .illrijO-iit/x  .! i->.J  121  is  1 

On  esterification  of  bromo-  and  iodosilaxanes,  the  side  reaction  between  the  hydro¬ 
gen  halide  and  the  alcohol  is  of  far  greater  importance  than  in  the  esterification 
of  chlorosiloxanes.  Thus,  for  example,  on  the  esterification  of  polybromo siloxane 
by  ethanol,  only  higher  polyethoxysiloxanes  and  ethyl  bromide  are  formed.  An  ester 
with  the  same  number  of  siloxane  bonds  as  the  original  polybrooosiloxane  may  be 
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obtained  from  the  latter  compound  only  by  the  action  of  sodium  ethylate  (Bibl.22). 

The  reaction  of  SiCl^  with  alcohols  does  not  lead  to  the  fonnation  of  esters  of 
orthosilicic  acid;  the  esterification  of  Sil^  may  be  accomplished  by  the  mere  action 
of  ether  (Bibl.25): 


Si  J«  +  4  (C.H.J:' )  Si  (OCsH.-1)4  -|-  4C.I  I,J 


Reactions  of  Alcoholysis 

The  most  convenient  method  of  obtaining  the  higher  esters  of  orthosilicic  acids 
from  high-boiling  alcohols,  as  well  as  from  other  hydroxyl-containing  organic  com¬ 
pounds,  is  the  reaction  of  the  lower  esters,  tetramethaxysilane  and  tetraethoxysil- 
ane  with  higher  alcohols  and  other  compounds  containing  the  hydroxyl  groups.  The 
reaction  of  alcoholysis  is  more  applicable  for  the  preparation  of  the  higher  esteie 
than  the  reaction  of  esterification,  owing  to  the  fact  that  the  evolution  of  HC1  in 
the  process  of  esterification  lead  to  a  number  of  side  reactions,  for  instance  the 
formation  of  water,  the  redistribution  of  the  alkaxy  groups  in  the  preparation  of 
mixed  esters,  etc.  It  is,  moreover,  not  always  convenient  to  conduct  a  reaction 
with  such  a  volatile  reagent  and  SiCl^. 

The  lower  esters  of  orthosilicic  acid  enter  most  readily  into  the  reaction  of 
alcoholysis  with  alcohols  of  higher  molecular  weight  than  their  alkaxy  group.  With 
alcohols  of  smaller  molecular  weight  than  the  alkaxy  group  of  the  esters,  the  reac¬ 
tion  of  alcoholysis  is  difficult.  In  the  absence  of  catalysts,  tetraethaxysilane 
enter-  into  reaction  with  methanol  (Bibl.26)  only  at  the  temperature  of  210°C: 


Si  (OC5H,)4  +  2CH,OH  -  (C,HsO)jSi  (OCH,),  +  2C,H,Oli 

At  the  boiling  point,  tetramethaxysilane  does  not  react  with  the  higher 
alcohols  unless  catalysts  are  used.  When  they  are  used  (dry  HC1,  SiCl^)  (Bibl.27), 
and  also  metallic  sodium  or  sodium  methylate  (Bibl.28),  the  process  proceeds 
smoothly,  and,  as  a  rule,  with  good  yield. 
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The  reaction  of  alcoholysis  is  usually  run  in  a  flask  serving  as  the  still  of  a 
rectification  column,  and  the  alcohol  liberated  during  the  reaction  is  distilled 
off.  A  few  examples  of  the  conduct  of  the  alcoholysis  reaction  are  given  below 
(Bibl.29). 

Preparation  of  alkoxysilanes.  1.  A  mixture  of  208  g  of  tetraethoxysilane, 

255  g  of  allyl  alcohol,  and  1  g  of  SiCl^,  is  heated  in  a  flask  with  a  column  (reflux 
ratio  5  s  1)  until  the  liberation  of  ethanol  ceases  (20  hours).  Rectification  of 
the  reaction  product  yields  tetraallyloxysilane.  The  yield  is  91?  of  theoretical. 

2.  A  mixture  of  417  g  of  tetra ethcocy silane  and  232  g  of  allyl  alcohol  is  heat¬ 
ed  for  8  1/2  hours,  distilling  off  the  ethyl  alcohol  formed.  During  this  period  1 
drop  of  SiCl4  is  added  to  the  reaction  mixture  every  half  hour.  Rectification  of 
the  reaction  product  yields  0.117  mol  of  tetra ethoxysilane,  0.434  mol  of  allyloxy- 
triethoxysilane,  0.537  mol  of  diallyloxydi ethoxysilane,  and  0.0092  gram-mol  of 
tetraallyloxysilane . 

3.  As  a  result  of  the  reaction  of  equimolecular  quantities  of  tetraethoxysil- 
ane  and  cyclohexanol,  a  mixture  of  cyclohexyloxyethoxysilanes  and  tetracyclohexyl- 
oxy silane  (39%)  end  ethanol  is  formed.  On  the  reaction  of  equimolecular  quantities 
of  tetraethoxysilane  and  methallyl  alcohol,  a  mixture  of  methallyloxyethoxysilanes 
and  t et ramethallyloxya ilane  (52?)  is  formed.  When  tetraethoxysilane  reacts  with 
crotyl  alcohol,  tetracrotyloxysilane  (75?)  is  formed. 

4.  The  reactions  of  alcoholysis  of  tetramethoxysilane  proceed  as  easily;  thus, 
the  reaction  of  137  g  of  tetramethoxysilane  and  130  g  of  methallyl  alcohol  (130  g) 
leads  to  the  formation  of  (0.196  mol)  of  dimethcxydimethallylaxysilane,  (0.8  mol)  of 
methoxyt rimethallyloxys ilane ,  and  (0.127  mol)  of  tetraaethallylaxysilane.  In  this 
reaction,  0.0039  mol  of  tetramethoxysilane  rmilm  unreacted.  On  the  reaction  of 
tetramethoxysilane  with  allyl  alcohol,  methoxyallyloxyailanes  are  obtained. 

5.  Distillation  of  a  mixture  of  1  mol  of  tetramethoxysilane  with  5  mols  of 
propyl  alcohol  in  the  presence  of  0.01  mol  of  sodium  alcoholate  (Bibl.12)  yields 
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tetrapro poxy silane  in  8C#  yield.  Tetrabutoxysilane  can  be  obtained  in  the  same 
yield  by  a  similar  method;  tetraisobutoxysilane  is  obtained  in  32£  yield.  When 
tetraethoxysilane  is  heated  with  stearyl,  oleyl  or  linoleyl  alcohols  in  the  presence 
of  sodium  alcoholate,  the  corresponding  esters  of  orthosilicic  acid  are  obtained 
(Bibl.30). 

6.  When  a  mixture  of  9.2  g  of  tetraethoxysilane,  0.2  g  of  sodium  methylate, 
and  50  g  of  stearyl  alcohol  is  heated  for  6  hours  in  a  current  of  carbon  dioxide 
gas,  removing  the  ethyl  alcohol  through  a  rectification  column,  stearyl  ether  with 
an  admixture  of  tetraethoxysilane  and  intermediate  products  of  alcoholysis  is  ob¬ 
tained.  The  by  products  are  removed  by  distillation  to  80°C  at  a  residual  pressure 
of  15  mm.  The  residue  is  tetrasteaiyloxysilane.  Its  yield  is  42  g,  or  6U%  of 
theoretical;  on  cooling  to  0°C  it  crystallizes,  and  after  recrystallization  from 
methanol  and  ligroin,  it  has  a  melting  point  of  35.8  -  36.2°C. 

When  tetraphenoxysilane  is  heated  in  a  sealed  tube  with  ethanol  at  180  -  200°C, 
tetraethoxysilane,  phenol,  and  a  mixture  of  phenoxyethoxysilanes  are  obtained 
(Bibl.13). 


Si(OC,lli>4  +  40,14*011  -  -  Si(OC;Hs),  40,11*011 

2Si(OC,H*),  +  3C,H*OI  I  —  •  Si(OC.H,)  (00,14,),  Si  (OC,H*).(OC,l  I,),  +  3C,H*OH 

The  substitution  of  ethoxy  groups  for  the  phenoxy  groups  indicates  the  high  stabil¬ 
ity  of  the  bonds  between  the  ethoxy  group  and  the  silicon  atom. 

On  alcoholysis  of  tetraethoxysilane  by  menthol  (Bibl.31),  mono-  and  dimenthcxy- 
tri-  and  diethoxysilanes  were  obtained  (Bibl.31): 


Si(0C«IU)4  +  C,#IIlfOH  —  Si(OC,0i!u)(OC2II,)  ,  -7- 
Si(OC,0!  fi»)  (OQH5),  +  Ci0l  iitO!  I  =  Si(OC„l  !,,,)•>  (U<  J  !,U  -f  <  •»  I  >i  1 


Organic  acids  (Bibl.32)  may  enter  into  the  reaction  as  the  alcohols  do: 
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si((xyi3j« -rUi.=o:n,(:ooii  -  •  (.ii;=a;i!/:oosi(0(..Jii,),1 --c.,h-oh 

the  esters  of  oxy-acids  can  also  behave  in  this  way  (Bibl.33),  for  instance  the 
ethyl  ester  of  lactic  acid: 


Si((xy  i5)«  21  icx:nci-i,c;ooc,i  i,  •  rc.i  i,o>=  snoci  i(<  i  hookx  ,i  i ,],  -  -  20.11,01 1 

or  of  ricinoleic  acid: 


.Si(OC.ii,)«  +  2C0I  iuci  k  )i  io  u.i  1 =(  ;i  4C1  m.oooo.i  i ,  > 

>  (Qi  i,0),Si  [oa  i(C0i  i13)a  u:i  i=oii(a  y:oooo.,.ii.,|2  h-  20.1  1,01  i 

The  reaction  of  alcoholysis  of  alkaxysilanes  may  also  be  conducted  by  the 
action  of  polyhydric  alcohols  (Bibl.34)  or  of  their  partial  esters  (Bibl,21).  Thus, 
tetra-P-methoxyethoxysilane  is  obtained  on  heating  a  mixture  of  1  mol  of  tetra- 
ethoxy silane  and  5  mols  of  the  monomethyl  ester  of  glycol: 

Si (00.1 1,)4  -f  .JJ  |<x:2l I«00!  I,  -  Si(OC.I  I4OCI  l3)«  10.1 1-/  >1 1 

Tetra-P-ethoxyethoxysilane  (yield  %%  of  theoretical),  and  tetra-P-phenoxyethoxysil- 
ane  may  be  obtained  similarly.  Monoglycerides  (Bibl.35),  for  instance  glyceryl 
acetate,  the  monoglyceride  of  linseed  oil  or  cottonseed  oil,  glyceryl-ethyl  ether, 
as  well  as  diglycerides,  may  enter  into  the  reaction  of  alcoholysis.  The  following 
reactions  are  described  in  the  literature  (Bibl.36): 


Si(OC2Hs),  -f  4UOai2CHOllCH..OCOR  =  Si(0ai2CllOilCll.0C0R)«  1-  4C.II;,OH 
Si(OC.U;)4  +  4MOC1 1 .Cl  IORCHjOR  Si(OC112CI  lORG  l.ORl,  ~  1011,01 1 


where  R  *  C3H7  and  C17H35 .  The  process  is  conducted  in  an  autoclave  at  a  tempera¬ 
ture  of  150  -  160°C.  The  author  states  that  P -hyd  roxylglyc erol  does  not  enter  into 
the  reaction  of  alcoholysis. 

Alcoholysis  and  reesterification  may  also  occur  under  the  influence  of  the  free 
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hydroocyl  and  carboxyl  groups  in  the  condensation  products  of  polybasic  acids  and 
polyhydric  alcohols  (Bibl.35).  The  reaction  of  alcoholysis  may  take  place  with  the 
most  varied  alcohols  and  phenols  having  a  second  functional  group,  for  instance 
with  the  aminophenols  (Bibl.37). 

Si  (OC.H5)4  +  4HOQH«NH2  =  Si(OC*H4MI,.)«  -f  4C2!  IjOl  1 

The  reaction  of  alcoholysis  is  characteristic  not  only  for  the  esters  of  ortho- 

I  I 

silicic  acid,  but  for  most  other  compounds  containing  the  -Si-O-C-  bond,  for 
exanqsle,  for  the  substituted  esters  and  their  alkoxysilanes  (Bibl.27). 

(CjHjOJjSiOSKOCjHj),  +  6CH|=CCH,CH|OH - 

- ->  (CH.=CCH,CH|0)»SiOSi(OQ41CCH4=CH,)3  +  eC-H^OH  • 

This  reaction  takes  place  on  heating  a  mixture  of  34.2  g  of  hexaethoxydisilox- 
ano  and  86  g  of  methallyl  alcohol  for  3  hours  at  boiling  point.  The  yield  of  hexa- 
methallyloxydisiloxane  is  50£. 

It  has  been  stated  above  that  the  tetramethaxysilane  and  tetraethoxysilane 
enter  most  readily  into  the  reaction  of  alcoholysis.  However,  when  catalysts  are 
used,  the  more  complex  esters,  up  to  t et rmamyloxys ilane  and  tetraallyloxysilane 
(Bibl.27),  may  also  be  made  to  react. 

The  Beesterlfication  Reaction 

The  reaction  of  tetraalkoxysilanes  with  complex  esters  (reesterification  reac¬ 
tion)  proceeds  easily  only  in  the  presence  of  catalysts,  the  alcoholates  of  magne¬ 
sium,  aluminum,  or  antimony,  as  well  as  aluminum  chloride  (Bibl.38).  In  the 
absence  of  catalysts,  even  in  the  simplest  case,  on  the  reaction  of  two  esters  of 
orthosilicic  acids,  the  process  proceeds  only  partially,  and  equilibrium  cannot  be 
attained. 
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->Si(OC2H,)«+2Si(Or4ll1))4  7- 

.  v  Si(OCsH3),(OC«H»)  -i-  2Si(UC»Hj)j(OC«l  l,)»  -  SnOCsll:,)(UUll.)a 

In  the  presence  of  a  catalyst,  magnesium  aluminoalcoholate,  on  heating  4  1/2 
hours  at  the  boiling  point,  the  equilibrium  state  is  established,  and  all  the  mixed 
esters  are  formed  in  the  statistical  quantities.  The  mixing  of  equimolecular  quan¬ 
tities  of  tetraethoxy-  and  tetrabutoxysilane  leads  to  the  formation  of  0.09  mol  of 
tetraethoxysilane,  0.42  mol  of  t ri ethoxybutoxysilane ,  0.66  mol  of  diethoxybutoxysil- 
ane,  0.42  mol  of  ethoxytributaxy silane,  and  0.08  mol  of  tetrabutoxysilane.  When 
equimolecular  quantities  of  tetraethoxysilane  and  tetraallyloxysilane  react,  a  mix¬ 
ture  is  obtained  which  contains  0.094  mol  of  tetraethoxysilane,  0.462  mol  of  tri- 
ethoxyallyloxy silane,  0.684  mol  of  diethoxydiallyloxysilane,  0.428  mol  of  ethaxydi- 
allyloxysilane,  and  0.074  mol  of  tetraallyloxysilane. 

The  reaction  of  reesterification  with  esters  of  the  carboxylic  acids  is  per¬ 
formed  in  a  flask  which  serves  at  the  same  time  as  the  retort  for  a  rectification 
column,  with  distillation  of  the  volatile  products  of  reaction  (Bibl.37).  The  reac¬ 
tion  of  tetraethoxysilane  with  butyl  acetate  in  the  presence  of  aluminum  ethylate 
proceeds  according  to  the  formula: 

Si(OC«l  1 5)4  -f  4C!I,COOC»H,  ■=  Si(OC*lI,),  -f  1CH,COOC2H3 

and  99£  of  the  theoretical  quantity  of  ethyl  acetate  is  distilled  off.  With  vinyl 
acetate  the  analogous  reaction  proceeds  quantitatively,  but  the  tetravinylsiloxane 
formed  during  the  reaction  polymerizes  during  the  process  of  synthesis. 

One  of  the  substantial  conditions  for  the  completion  of  the  process  is  the 
volatility  of  the  organic  ester  and  its  continuous  removal  by  way  of  rectification. 
In  this  connection,  the  reaction  of  reesterification  proceeds  most  easily  of  all 
between  tetraethoxysilane  or  tetramethoxy silane  and  esters  of  formic  or  acetic  acid. 
The  higher  tetraalkaxysilanes,  as  well  as  the  esters  of  the  higher  carboxylic  acids, 
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reacts  with  great  difficulty. 

Esters  of  inorganic  acids,  for  instance  boric  acid,  enter  into  the  reesterifi¬ 
cation  reaction  like  the  esters  of  the  carboxylic  acids: 

3Si(OCH,)4  +  4B(OC4H#),  =  3Si  (0C4I1,)4  +  4B  (OCH,), 

This  reaction  proceeds  with  a  96£  yield  in  the  presence  of  magnesium  alumino- 
ethylate  (Bibl.38),  and  is  of  interest  as  a  method  of  preparing  methyl  borate,  whose 
synthesis  by  other  methods  is  considerably  more  complicated.  We  may  note  here  that 
the  esters  of  boric  acid  may  also  be  prepared  by  the  reaction  between  esters  of 
orthosilicic  acid  and  boric  anhydride. 

Other  Methods  of  Preparing  Esters 

A  process  which  has  recently  been  described  (Bibl.28)  of  esterification  of  the 
free  hydroxyl  groups  of  the  polymeric  silicic  acid  obtained  by  acidifying  a  solution 
of  sodium  silicate,  is  of  great  theoretical  interest: 

'  "Ov  ~ 

— O-^Si-OI!  i;4II,OH-  +  IIjO 

—o'  -o' 

As  a  result  of  this  reaction,  a  soluble  polys iloxane  containing  an  average  of 
0.613  butoxyl  groups  to  the  silicon  atom  is  obtained. 

Preparation  of  polysilicic  acid.  A  solution  of  770  g  of  sodium  silicate 

S  i  0 

(28.4£  SiOg}-—  |  *  3.25)  in  1138  g  of  water  is  poured  with  vigorous  stirring  into 

1710  oil  of  7«35£  sulfuric  acids  at  20°C.  The  solution  of  sodium  silicate  is  intro¬ 
duced  under  the  layer  of  sulfuric  acid  through  a  tube  not  more  than  2.3  nan  in  dia¬ 
meter,  for  5  nin.  The  acidity  of  the  mixture  at  the  end  of  the  addition  of  the 
silicate  is  1.7  -  0.5  mg  KOH.  In  order  to  extract  the  polymeric  silicic  acid  liber¬ 
ated,  i070  g  of  tert-butyl  alcohol  is  introduced  into  the  mixture,  which  is  stirred 
for  15  minutes  and  then  allowed  to  stand  for  16  -  18  hours.  The  water  is  then 


F-TS-9191/V 


248 


removed  by  salting  out,  by  adding  1017  g  of  sodium  chloride  to  the  mixture.  The 
alcohol  layer  (1540  ml)  contains  polymeric  silicic  acid  (14>6  of  Si02),  10  -  15%  of 
water  and  0,96%  of  sodium  chloride.  The  yield  of  silicic  acid  is  80  -  85%  of 
theoretical.  The  preparation  is  unstable  on  standing;  its  molecular  weight  increas¬ 
es  at  a  rate  depending  on  the  concentration,  the  acidity  of  the  medium,  and  the 
temperature. 

Esterification.  To  the  solution  of  polysilicic  acid  so  obtained,  an  equal 
volume  of  normal  butyl  alcohol,  and  6  g  of  barium  chloride  to  precipitate  the  traces 
of  sulfuric  acid,  are  added,  the  mixture  is  placed  in  the  tank  of  a  rectification 
column,  where,  under  reduced  pressure,  the  processes  of  esterification  of  the  free 
hydroxyl  groups  of  the  polymeric  silicic  acid  and  of  distilling  off  the  water  formed 
during  the  reaction  is  performed.  To  avoid  condensation  of  the  free  hydroxyl  groups 
and  increase  the  molecular  weight  of  the  polymer,  the  process  is  commenced  at  a 
temperature  (in  the  tank)  of  28  -  29%,  and  a  residual  pressure  of  30  mm.  During  the 
course  of  2  hours,  1131  ml  of  distillate  is  taken  off,  and  the  volume  is  held  con¬ 
stant  in  the  tank  of  the  column  by  adding  fresh  n-butyl  alcohol.  When  2  hours  have 
elapsed,  the  pressure  in  the  tank  rises  to  60  mm.  During  the  next  5  hours  3260  g  of 
distillate  are  taken  off  and  1696  g  of  n-butyl  alcohol  is  added  to  the  tank.  The 
temperature  in  the  tank  is  gradually  brought  up  to  6(Pc. 

The  reaction  mixture  now  is  removed  from  the  tank  of  the  column,  purified  by 
adsorbents,  filtered,  and  rectified  on  a  column  (reflux  ratio  4:1)  and  during  the 
course  of  5  hours  485  g  of  butyl  alcohol  is  introduced  into  the  tank  of  the  column 
while  752  ml  of  condensate  is  distilled  from  the  tank.  The  temperature  in  the  tank 
at  the  end  of  the  rectification  reaches  121°C. 

The  reaction  product  is  repeatedly  purified  by  adsorbents  and  is  diluted  with 
butanol  until  the  Si02  content  of  the  mixture  reaches  20%,  100  ml  of  the  mixture 
contains  0.11  g  of  water,  0.03  g  of  chlorine;  the  pH  of  the  mixture  is  3.8.  The 
amount  of  solid  residue  is  33,98%,  The  residue  contains  59^  of  Si02  and  28,29%  of 
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carbon,  which  makes  an  average  of  0.613  butoxy  group  to  a  silicon  atom.  Measure¬ 
ments  of  the  viscosity  of  the  solutions  give  grounds  for  postulating  that  the  mole¬ 
cules  of  the  polymer  are  of  spherical  fora. 

The  esterification  of  polymeric  orthosilicic  acid  by  propyl  or  isopropyl 
alcohol  can  be  carried  out  by  a  similar  method  (Bibl.39). 

Under  the  action  of  alcohol  on  elementary  silicon  in  the  presence  of  catalysts 
at  temperatures  of  220° C,  a  complex  mixture  is  formed,  consisting  of  esters  of 
orthosilicic  acid  and  other  products.  This  reaction  has  been  investigated  (Bibl.40) 
with  the  object  of  elucidating  the  possibility  of  synthesizing  polysiloxanes . 

The  process  is  conducted  by  passing  the  vapors  of  the  alcohol  through  tablets 
of  a  copper-silicon  contact  mass  obtained  by  pressing  and  sintering  a  mixture  of 
silicon  and  copper  (20 %)  powders  in  a  current  of  hydrogen  at  105 0°C  •  Only  methanol 
reacts  rather  actively,  and  the  principal  product  of  the  reaction  is  not  polymethyl- 
siloxane,  but  tetramethoxysilane.  The  reaction  mainly  takes  the  following  course: 

Si  -i-  ICIl.OH  =  Si  (CM ill,),  -L  2H, 

On  heating  to  300°C,  the  yield  of  tetramethcxysilane  is  U6%,  at  a  temperature 
of  250°C  the  yield  of  the  product  is  53%  of  theoretical.  The  hydrogen  formed  during 
the  reaction  is  in  part  added  to  the  silicon  with  the  formation  of  a  certain  quan¬ 
tity  of  compounds  containing  the  —Si— H  bond,  and  in  part  is  evolved  in  molecular 
fora,  while  still  another  part  is  used  in  the  reduction  of  methanol: 

CH,OH  +  2H  =  CH.  r  H,0 

Methane  is  a  by  product  of  the  reaction.  It  is  collected  in  a  receiver  which 
is  cooled  by  liquid  air.  Water  hydrolyzes  the  ester  foraed,  so  that  a  certain  part 
of  the  reaction  product  consists  of  polymethoxysiloxanes. 

Ethanol  reacts  with  a  mixture  of  silicon  and  copper  powders  under  similar 
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conditions,  forming  1C#  of  polyethaxysiloxanea  together  with  traces  of  compounds 
containing  the  -6i-0-  bond  (Bibl.39)* 

By  careful  analysis  of  the  intermediate  fractions  and  their  hydroyzates,  the 
presence  of  an  insignificant  quantity  of  compounds  containing  the  -Si-C  bond  in  the 
reaction  products  has  been  established,  but  it  was  not  possible  to  isolate  the 
individual  methylsiloxanes  or  methyl ethoxy silanes.  The  search  for  process  catalysts 
other  than  those  ordinarily  used  in  the  direct  synthesis  of  alkylchlorosilane  was 
unsuccessful. 

Tho  conduct  of  the  reaction  between  the  alcohols  and  the  contact  mass  in  a 
state  of  suspension  has  been  proposed  (Bibl.41). 

A  synthesis  of  esters  of  orthosilicic  acid  by  the  reaction  of  alcohols  with 
metallic  silicides  has  been  described  (Bibl.42).  Thus,  under  the  action  of  methanol 
on  magnesium  silicide,  the  following  reaction  takes  place: 

MftSi  +  SCI  1,01 1  »  Si(OCH,)4  +  2Mg(0CH,),  -h  4U2 

In  a  flask  1500  ml  of  methanol  are  placed,  and,  under  cooling  and  stirring, 

130  g  of  magnesium  silicide  is  added  over  a  period  of  2  hours.  The  mixture  is 
gradually  warmed  until  the  evolution  of  hydrogen  stops  (total  quantity  evolved,  36 
liters),  and  the  tetramethaxysilane  (110  g)  is  then  distilled  off  under  atmospheric 
pressure. 

The  preparation  of  esters  of  orthosilicic  acid  by  way  of  silicon  disulfide, 
which  is  easily  synthesized  from  the  elements,  is  of  considerable  interest 
(Bibl.19)* 


Si  +  2S  =•  SiSj 

SiS» +  4ROII  s=  Si(OR)«  ;  2II*S 

From  2  kg  of  methanol  and  1150  g  of  60£  silicon  disulfide,  1390  g  of  tetramethoxy- 
silane  is  obtained.  When  the  methanol  is  replaced  by  the  same  amount  of  ethanol. 
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1800  g  of  tetraethoxysilane  is  obtained.  A  substantial  advantage  of  the  process  is 
the  absence  of  the  side  reactions  that  occur  on  the  esterification  of  SiCl^  owing  to 
the  liberation  of  HC1.  Various  phenols  may  be  used  for  the  esterification  of  sili¬ 
con  disulfide.  The  reaction  with  o,o-dichlorophenol  gave  tetra-(o,o-dichlorophen- 
oxy)-silane,  Si (OC^H^C^)/^. 

In  the  reaction  between  silicon  disulfide  and  an  aqueous  alcohol,  polyalkoxy- 
siloxanes  are  formed.  In  the  reaction  with  insufficient  alcohol,  polymeric  com¬ 
pounds  are  formed,  containing  -Si-S— Si-  bonds  of  the  type: 

<RO):,SiS  |(RO).,SiSh  Si(OR), 

No  formation  of  compounds  containing  the  group  -Si-S-R  has  been  noted. 

In  connection  with  the  fact  that  silicon  disulfide  is  less  active  than  SiCl^, 
the  reaction  of  Si^  with  organic  acids  is  a  more  convenient  method  of  preparing 
mixed  anhydrides  of  orthosilicic  acid. 

SiS2  +  4HOOCR  *  Si(OCOR),  --  2KjS 

By  this  reaction  a  number  of  mixed  anhydrides  of  orthosilicic  acid  were  obtained  - 
Si(0C0R)4  where  R  *  CH3,  CgHj,  CH2C1,  C1?H35. 

Industrial  Production  of  Esters  of  Orthosilicic  Acid 

On  the  industrial  scale,  the  esters  of  orthosilicic  acid  are  prepared,  either 
for  immediate  use  (Bibl.43)  (manufacture  of  coatings,  impregnating  materials,  molds 
for  precision  casting  (Bibl.44),  cements,  special  types  of  gels,  etc.),  or  for  the 
synthesis  of  the  substituted  esters  of  orthosilicic  acid  (Bibl.45)» 

The  reaction  between  SiCl4  and  alcohol  is  exclusively  used  for  the  preparation 
of  esters  of  orthosilicic  acid  on  an  industrial  scale.  The  process  is  conducted  in 
continuous  run  apparatus,  or  (more  often),  in  batch  apparatus,  by  pouring  SiCl4 
into  the  alcohol  (or  vice  versa),  under  stirring,  followed  by  heating  (Bibl,45) • 

The  most  important  and  most  widely  used  process  is  the  esterification  of  silicon 


F-TS-9191/V 


252 


tetrachloride  by  ethanol,  since  the  ethyl  ester  of  orthosilicic  acid,  either  in  the 
pure  form  or  hydrolyzed,  has  come  to  be  most  widely  used  in  technology,  owing  to  its 
cheapness,  the  relative  simplicity  of  its  preparation,  and  the  fact  that  it  is  less 
toxic  than  tetramethoxyl silane.  The  industrial  product  is  put  out  in  varying  de¬ 
grees  of  purity,  (depending  on  the  uses  to  which  it  is  to  be  put). 

In  Great  Britain  (Bibl.44),  the  esterification  of  silicon  tetrachloride  is  con¬ 
ducted  by  the  action  of  technical  ethyl  alcohol  (specific  gravity  0.822);  as  a 
result  of  the  reaction,  the  so-called  "ethyl  silicate  40",  is  obtained.  This  is  a 
partially  hydrolyzed  product  containing  about  40$  of  Si02  (specific  gravity  1.05- 
1.07).  The  high  Si02  content  in  "ethyl  silicate  40"  encourages  its  use  in  the  manu¬ 
facture  of  coatings  and  cements. 

In  the  United  States  (Bibl.43*  45)#  the  manufacture  of  "ethyl  silicate  40"  has 
commenced  only  in  recent  years.  Before  that,  pure  and  "condensed  ethyl  silicate" 
were  produced.  This  latter  is  a  product  obtained  by  esterification  of  silicon 
tetrachloride  by  99$  ethyl  alcohol,  followed  by  the  distillation  of  the  excess 
alcohol  at  a  temperature  running  up  to  llO^C.  For  the  synthesis  of  the  substituted 
esters  of  orthosilicic  acid,  "pure"  (distilled)  ester,  is  manufactured,  containing 
90J?  of  the  fraction  boiling  at  160  -  170^C  and  having  an  acidity  not  over  0.05$. 

The  price  of  such  a  product  is  considerably  higher  than  the  price  of  the  technical 
product,  and  the  Si02  content  in  it  does  not  exceed  28$,  so  that  it  is  not  economic 
to  use  the  pure  tetraethoxysilane  in  making  coatings  or  cement  composition. 

Physical  Properties 

The  esters  of  orthosilicic  acid  with  aliphatic  alcohols  are  colorless  transpar¬ 
ent  liquids;  the  esters  of  orthosilicic  acid  with  phenols,  as  a  rule,  are  crystal¬ 
line  products.  The  purification  of  the  esters  of  orthosilicic  acid  from  traces  of 
alcohol  or  haloesters  involves  certain  difficulties,  so  that  the  tetraalkoxysilanes 
are  usually  produced  in  the  fora  of  thick  liquids  which  crystallize  only  on  strong 
cooling.  All  the  esters  of  orthosilicic  acid,  in  the  absence  of  moisture,  are 
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stable  substances  that  can  be  distilled  without  decomposition.  The  lower  esters  of 
orthosilicic  acid  have  a  specific  odor,  while  the  higher  esters  have  no  odor  at  room 
temperature;  they  do  not  dissolve  in  water  and  are  slowly  hydrolyzed  by  it,  but  are 
readily  soluble  in  organic  solvents. 

With  increasing  molecular  weight  of  the  compounds,  its  density  decreases  and 
its  boiling  point  rises  by  about  12°C  for  each  additional  CH2  group. 

Tables  22,  23,  24  give  the  physical  properties  of  alkoxy-  and  aryloxysilanes. 
Table  25  gives  the  properties  of  the  esters  of  polysiloxanes,  and  Table  26  the  pro¬ 
perties  of  the  trialkylsiloxanes. 

The  boiling  points,  unless  the  pressure  is  given,  are  given  at  760  mm. 

Chemical  Properties 

Most  of  the  reactions  of  the  esters  of  orthosilicic  acid  are  due  to  the 

I  I 

presence  of  the  reactive  -Si-O-C-  bonds  in  their  molecules.  Let  us  consider  the 

I  I 

most  important  and  typical  reactions  of  the  esters  of  orthosilicic  acid. 

The  Reaction  of  Hydrolysis 

An  extremely  important  property  of  the  esters  of  orthosilicic  acid  is  their 
ability  to  split  off  the  alkoxyl  group  under  the  action  of  water: 

I  I 

—Si— UR  +  HOH  =  —Si— OH  +  ROH 

I  I 

The  reaction  is  always  accompanied  by  intemolecular  condensation  of  the  hydrolysis 
products,  and  by  the  formation  of  polysiloxanes.  I  have  investigated  the  mechanism 
of  hydrolysis  and  condensation  in  detail  (Bibl.46,  47)  on  the  example  of  the  ethyl 
ether  of  orthosilicic  acid,  in  the  course  of  which  investigation  I  isolated  and 
studied  a  number  of  polyethojqrsiloxanes  of  the  general  formulas  ^HjOjCSiCOCgHijJg 
OjxOpK^,  where  x  *  2,  4,  and  6.  The  results  of  this  work  allow  the  conclusion  that 
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the  hydrolysis  of  these  esters  proceeds  by  a  pattern  consaon  for  the  reactions  of  all 
organosilicon  monomers  containing  readily  hydrolyzable  groups  or  atoms  bound  to  the 
silicon  atom. 

Let  us  consider  the  processes  taking  place  when  an  aqueous  alcohol  is  gradually 


Table  22 

Physical  Properties  of  the  Aliphatic  Esters  of  Orthosilicic  Acid 


a) 


Tetramethoxysil ane 

Tetraethoxysi 1 ane 

Tetrapropoxysi  1  ane 

Tetraisopropoxy- 
sil ane 


Tetraisobutoxy- 

silane 


Tetraamyloxysi 1 ane 

Tetr^isoamyloxy- 

silane 

Tetrahexyloxy- 

silane 


Tetrapentyloxy- 
silane 

Tetrshexyloxy- 

sxlane 

Tetraallyloxy- 
silane 

Tetramethallyl- 
ethoxysilane 

Tetra-a-phlor- 
ethoxysilane 

Tetra-(3,3-dichloro- 
lsopropoxysil  ane 

Tetra-3-cbloroetb- 
oxysil  ane 


1  b> 

d) 

e) 

J) 

1 

ioai,i«Si 

121 — 1 22 
(759  mm) 

1 ,05232 

1 ,3681 

27 

25-27 

(12  mm) 

1 ,032 

27 

166.5. 

77.0(32  mm) 

0,9676  (0°) 

1 ,3837 

8,10 

225—227 

0,918 

1 .4015 

102 

!  [OCiI(CII3)8l«Si 

t 

1 

76-80 
(50  mm) 

— 

113 

(OC«l!»)«Si 

1 

1 1)3  (20  mm) 

0,899 

1,4126 

10. 

150-152 
(16  mm)  142 
(3  mm) 

0,913  (25“) 

’ 

.14 

I  |(X-.HiA:il(CM.l)s|«Si 

1 

255-260 

143—145 

(18  mm) 
141-142 
(0,3  mm) 

0,953 

1  ,4131 

10, 

115 

j  ((.jl  li  |0)4Si 

322-323 

0,953  (15°) 

In 

|{((:H.,)iCI  1<  .1  l5CHjOJ«Si 

174—176 

\  1  2  mm  ) 

0,893 

— 

I0.li 

(C,ll,  ,U),Si 

232-234 
(13  mm) 

0,888 

47. 

116 

213,5 

(4  mm) 

0,876 

1  ,4.400 

47, 

116 

(C7I  lijU)4Si 

200—215 
(3  mm) 

0,9117  (0°) 

103 

(C4Hi70)4Si 

240 

(3  mm) 

— 

— 

47 

(CHj=a  lCH.O)«Si 

134,5-135 

(34  mm) 

0,9842  (17') 

1  ,4.3;40 

12 

(CH3CH=CHCH;0)4Si 

148—148,5 
( 1 8  mm ) 

27 

(CH3ci  iao)4Si 

177—180- 

— 

117 

(C1_CH:)cho)  Si 

\C1-CH/  /  4 

213—214 
(0,2  mm) 

1  ,4609(d,lf) 

1  17 

(CICH:CH:C»4Si 

153—154 

|2  mm) 

184 

_ 

1 ,4641(20°) 

117 

117 

(7  mm) 
195—200 
(15  mm) 


a)  Name;  b)  Formula;  c)  Boiling  Point,  °C;  d)  Specific  Gravity,  d^; 


e)  Refractive  Index,  n^  ;  f)  Bibliography 


F-TS-9191/V 


255 


Table  23 


Physical  Properties  of  the  Aliphatic  and  Aromatic  Esters  of  Orthosilicic  Acid 


a) 

-  j- 

Tetraphenoxysil  ane 

j 

Tetra-m-cresoxysilane 

Tetra-p-cresoxysilane 

Tetra-o-  xylenoxy- 
silane 


Tetf 

si 


i-m-  xyleneoxy- 
ane 


Tetrai sobutylphen- 
oxysilane 

Tetrai so amylphenoxy- 
si 1 ane 

Tet r athymol oxy- 
silane 


Tetracarvacroloxy- 

silane 

Tetrabenzyloxy- 

silane 


Tetpairuiacyloxy- 
sil ane 


Tetra-?-naphthyl- 

oxysilane 

Tetra-a-napJitliyl- 

oxysilane 


Te t  r  acy c 1 ohexy 1 - 
oxysil  ane 


Tetra-  /-l»ornyl- 
oxysilane 


Tetramenthoxy- 

silane 


Tetra- p-brcxno- 
phenoxysil  ane 

I  'exanethyoxy-m- 
dioxyriheny  1  ene- 
di  silane 

Hexamethoxy-p- 
dioxypheny 1 ene- 
di  si  I  ane 

Tetra- (cis-9-benz 
eneoctadecene- 1- 
oxy)-silane 


b) 

0 

d) 

t) 

| 

1) 

AH40)4Si 

415-420 

47—48 

1 

_ 

90,91 

280 

(4  mm)  1 

104 

(CH,QH40)*Si 

443-445 

— 

— 

118 

(CH,C4H40)4Si 

442-445 

69—70 

— 

118 

|(CHs)AHsO]4Si 

450 

-- 

— 

|  105, 

350-360 

(100  mm) 

118 

1 

[(CH,)A»W>|«Si 

453—457 

j  105 

l(CHj),CH<:n2<:4n4o|4Si 

380 

— 

i 

!  105 

1 

|(CH,)jCI  ICH.CI  I  AH«0|«Si 

390-397 

(M8  mm) 

— 

1  H>5 

1 

|  (CM  S)(C|,H7  )Q  U,0|4Si 

450 

340-345 
(70  mm) 

47-46 

47 

1 

1  (CHsMCaHtAH  jO|«Si 

380—390 

(12  mm) 

— 

It 

1  6. 121 

(C,H,CH£))tSi 

305 

(12  mm) 

— 

246 

(0,15  mm) 

(CH,OC.H4Ol4Si 

260 

03 

— 

117 

(7  mm) 

A*H,0)4Si 

430 

— 

— 

47 

( 1 33  mm  ) 

(C„H,0)4Si 

425-27 
( 1 30  mm  ) 

— 

i 

4 1 

<QHiiO)4Si 

230—240 

(1 1  mm) 

88,5 

it 

47 

<*'ioHj»0)4Si 

— 

291-292 

35n 

(115  mm ) 
264 

(7  mm ) 

— 

i 

i 

193,117 

120 

(BAIUO)4Si 

356 

(12  mm) 

— 

i  " 

M 

((CH,0),SiO)AH4 

|  n«1  diilill. 

— 

|  1,4916 
(15) 

120 

[(CH,0),Si01AH4 

■ 

-- 

1  1,4731 
(15°) 

i  120 

1 

(<.i,H,?0)4Si 

- 

- 

I  1,4622 

1  (20d) 

i  120 

a)  Name;  b)  Formula;  c)  Boiling  Point,  °C;  d)  Melting  Point,  °C; 


e)  Refractive  Index;  f)  Bibliography 


F-TS-9191/V 


256 


Table  24 

Physical  Properties  of  Mixed  Esters  of  Orthosilicic  Acid 


A) 


t>) 


Trime^hoxyeth- 

Pimetiioxyclieth- 

oxysilane 

"ethoxytrieth- 

Trimetiioxyallyl- 
oxysilane 
Pimethoxydiallyl- 
oxysilane 
Metnoxytriallyl- 
_  pxysilane  , 
lrimethoxymeth- 
allyloxysilane 
T lmethoxydimeth- 
allyloxy$iiane 
'lethoxytrimeth- 
allyloxysilane 
Pimethoxydi i so- 
amylpxysilane 
Iriethoxyallyl- 
oxysilane 

Piethoxvdiallyl- 

Pthoxytriaflyl- 
gxvsilane 
Iriethoxymgth- 
allyloxysilane 
I  letlioxyineth- 
allyloxysilane 
f-thoxytrimeth- 
n  nllyloxysilane 
1  rietboxybutoxy- 
silane 

rie^hoxydibutoxy- 

silane 


Kthoxytributoxy- 

silane 

Pthoxytriiso- 
bntoxysilane 
Triethgxyfurfuryl- 
„  oxysilane 
iri ethoxy amyl - 
oxysilane 

Pi ethoxy diiso- 
^amyloxysilane 
r thoxytriiso- 
,-myloxysil  ane 


(CH,0),Si(0C,H») 
(CH,O),Si(0C,H|jj 
(CH,O)SI(0C,H,)a 
(CH,0),Si(OCH,CH-CHs) 
(CH|0)jSi(OCHfCH«»CHi)j 
(CH,0)Si(OCH,CH-Cll8)s 
(CH,0),Si  (OCHjCH  m  CHCH,) 
(Cl  !jO),Si  ( OCH  jCH = CMCH|)s 
(CH,0)Si(OCHjCH*CHCH,)a 
|  (Cl  !30)JSiOCHjCHsCH(ai.1)Ili. 
(C.I  l|O)aSi(0CHjCH=>=>CI  ls) 

(Q1  l»O),Si(0CllfCI  1  ^.Cl  Ij)5 
(C*H,0)Si(OaitCH-CH2), 
(C.H.OJtSifOCHtCH-CHCI  I.) 
(<^H,0)tSi(OCHiCH=CI  1CH,)5 

«  y  i»0)Si(0CHiCH^  ( :i  icn,), 

<<:=!  f*0),Si(fX^l  !„) 

(iy  I}O)jSi(0C4l  l#)t 

(C.ii,o)Si(a;4n,)i 

(C:,H»0)Si[OCHjCH(CH,),l, 

(QH40),Si(0C,!IsO) 

(C,HtO)jSi(OC»M|i) 

(C,H,0)*Si(0CH/:H!CH(CH,)tl5 
(Ctl  I|0)Si(0CHtCHjCHt(CMj)tl3 


e) 


133-135 

143— 146 
155—157 

70.5 

(34  mm  ) 

95 

(34  mm  ) 
116 

(34  mm  ) 

63.5 

(34  mm  ) 

115 

(34  mm) 
128 

(18  mrn) 
225-235 

215- 220 
93,5—94 

(34  mm  ) 

108 

(34  mm  ) 

121 

(34  mm) 

93 

(18  mm) 

116 

(18  mm) 

133 

(18  mm) 
102 

(32  mm) 
80—90 

(16  mm) 
128 

(32  mm) 
100 

(15  mm) 

144— 146 

(20  mm) 

150 

(32  mm) 
99—100 
(19  mm) 
85,5-86,5 
(3  mm) 

216— 228 
(25  mm) 
125-130 
245-250 

2SO-285 


1,023 

1,004 

0,989 


l  .3919 
1,4110 
1 ,4252 
1 .4003 
1,4156 
1,4320 

1 ,3973 

1 ,4098; 

1 ,423oj 

1 ,4051 

1 ,42001 

1,4320 
1 ,4275 
1 ,3934 

1,3945 

1.4010 


i) 


0,909 


! 


1,4112 
I ,4075 


0,9010 


1,369  I  — 


0,915 

•0,913 


72 

72 

2.27 
12,27 
12,27 

47 

12,27 

12.27 
12,27 

72 

12.27 
12 

12.27 

12.27 
12,27 

12.27 

12.27 
12 
78 

78 

12.27 
12,27 

12 

12,27 

12 

12 

1 06 

72 


a)  Name;  b)  Formula;  c)  Boiling  Point,  °C;  d)  Refractive  Index,  nj"°; 


e)  Specific  Gravity,  dj^;  f)  Bibliography 
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1  iethoxvdiphe 
oxysil  ane 


Triallyloxyprop- 

oxysilane 

Tiallyloxydi- 

propoxysilane 

Triallyloxybut- 
oxysil  ane 

Triallyloxyiso- 

bntoxysilane 

I'ial  lyloxydiiso- 
butoxysilrne 

Triallyloxy-tert- 
butoxvsi  1  ane 
I'ial  lyloxytii-tert- 
butoxysil  ane 

Trial  lyloxy-Ot- 
naplitnyloxy- 
si  1  anp 

I  i  all  vloxy-Ot- 
naphthyloxy- 
si  1  anp 

Tri  al  lyloxycet.yl- 
oxysilanp 

Trimetlial  lyl  oxy- 

isobutoxysilane 

Dimethal  lyloxydi- 
isobutoxysilane 

Methnllyloxytri- 
i  sobutoxy  si  1  ane 

I  imethallyloxydi- 
tert-butoxysil  anp 

Triethoxyguaiacyl- 
oxysilanp 
Tripropoxycptyl- 
oxysi  1  anp 

I sopropoxytri- 
tert-butoxy- 
silane 

V.ethoxy-  ( Pt  boxy)  - 
phenoxy-(mentlioxy) - 
til  ane 


(C,HjO)sSi(OCel  1,)»  !  302-304 

!  197—198 
]  (50  mm) 

(CH»=^CHCH;0)jSi(0C*H7)  I  74,5-75,0 

(2  mm) 

(CH2=CHCH10)2Si(0CsH,)s  57,5-58 

(2  mm) 

(CH2=CHCHsO),Si(OC«H»)  74,5-75,0 

(2  mm) 

(CH,==CHCH,0)3Si0CH5CH(CHj)s  85 , 5-86,5 

(3  mm) 

(ai!=CHCH20)2Si|fx:ii!(:H(CHs)8),  oi  .0-91,5 

(3  mm) 

(Cl  l,=a  ICH;0):lSiOC(CH,),  73,0-73 , 5 


(CH2=^CHCH;0),Si(0C,H7) 

(CH2=CHCHsO)2Si(CX:#H7)1 

(CH2=CHCHsO),Si(OC«H,) 


i  13 

-  1 1. 4204  27 

-  1 1,4075  27 

-  1 1,4242  27 


73,0-73,5  1, 4212| 
(2  mm) 


(CH2~QICMjO)..Si(OC:(ai,)3|J  j  61,5-62,0  |1,4!21| 

I  )2  mm)  ! 

(CHj— Cl  K'.l  i20)3Si(OCioH7)  1 1 04 , 5 — 105,5  -  * 

(3  mm) 

{Oi2=cnai20),;Si((x;,l,n7h  :  128—129  -  . 

(3  mm)  j 

(Cl  lj  -  iCI  IC1 120)aSi(OCI(lIss)  .  225-228,8  1,4440; 

(2  mm)  i 

(CHjCI  U  ( :i  1C!  I.O)3SiOCl  l»Cli(CI  ls)«  117—118  l ,  1306j 

(3  mm)  ' 

(CH  CH’CHCH.O)  Si[OCH,CHiCH  ),].  114—115  1,4216 

(3  mm) 

(CH,CH-CI(CH..O)Si|OCII.CH(CH1).|  106,5—107,5  1,4135 

(3  mm) 

(Cl  I, Cl  !«.<  ;i  IC!  1,.(  »,Si|OC(CI  I 82. 0— 83 .0  1 1 ,4219 


(CH2— Cl  K.lljOjsSHOCwH,) 
(Cl  l,=CIICI  !20)2Si((X;,l,H7h 
(Cl  I.  Cl  ICIIjOIjSUOC,,!!,*) 


p  ,'jl  1,(  )),Sn(X  .71 14( X,l  (3| 
<C.|1  I70),Si(0l.,#l  lj.|  I 
.aWjCIIOSiUK  (CllaVibi 


(2  mm)  | 

150 

(20  mm) 

235-240  1 

I 

104— I  or. 

(24  m«.)  * 


.,;l  l5)0  X.|nl  lit.)  i  pet 


a)  Name;  b)  Formula;  c)  Boiling  Point,  °C;  d)  Refractive  Index,  n^; 
e)  Specific  Gravity,  d^®;  f)  Bibliography 

poured  into  tetraethoxy silane. 


Hydrolysis  of  Tetraethoxvsilane  in  a  Water-Alcohol  Medium 


The  addition  of  the  first  drops  of  aqueous  alcohol  to  tetraethoxysilane  results 
in  processes  which  are  represented  rather  accurately  by  the  following  equations: 
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Table  25 

Physical  Properties  of  Esters  of  Polysiloxanes 


a) 


b) 


O 


l  odec  ame  thoxypent  a- 
siloxane 

Te  t r^dec  amethoxyhex  a- 
siloxane 

Octadecamethoxy- 

octasiloxane 

I'idecamethoxy- 

nonasiloxane 

Dodidecamethoxy- 

decasiloxane 

Tetpaethoxydi- 

siloxane* 

llexaethoxydi- 

siloxane 

Octaethoxytri- 

siloxane 

Octaethoxycyclo- 

tetrasiloxane 

Tecaethoxytetra- 

siloxane 

Tetradecaethoxy- 

hexasiloxane 

1  ley  ap  ropoxy  di  - 
siloxane** 
llexaallyloxy- 
disiloxane 

Kexanfthallyl* 
oxydi  siloxane 

llexrtwtoxydi- 

siloxane 

Hexpbvtoxycyclo- 

tnsiloxane 

Octabutoxycyclo- 

tetrasiloxane 

Decabutpxycyclo- 

pentasiloxane 

Ebdecabytoxycyclo- 

hexasiloxene 

llexadecabutoxy- 
cycloocta-  , 

siloxane  ; 

Mexaphe' oxydi-  , 

siloxane 

llexacyclohexyl- 
oxydi siloxane 
Hexacycloh?xyloxy- 
cyclotnsiloxane  j 

Tetrad  lyloxydiethoxy- 
disiloxane  | 

Tetraethoxydibenryl- 
oxydi siloxane 


0«Si5(0CH,)l; 

05Si4(0CHs)i4 

0,Si((OCHj)i„ 

OtSi,(OCHa)a# 

0#Sijo(OCHj)ja 

osi*|ii(oc.i  i5)s], 


207-215 

1 ,222 

0,116 

1  19 

(12  mm) 

230—250 

1,230 

0,170 

1 19 

( 1 2  mm) 

190-205 

1  ,256 

0,318 

119 

(0,002  mm) 

205-220 

1  ,260 

0,375 

119 

(0,002  mm) 
220-240 

1 ,270 

0.508 

119 

(0,002  mm) 

94—97 

_ 

2I.LM 

(25  am ) 
159—161 


It, 


( 3  mrn)  1 

I 

1 

OsSi,(OC4II,l1.  ' 

1 

268-  273  | 
(31  mm) 

— 

-  i 

I 

1 

22 

0«Si4(OC,llj)s  , 

270—290 

(20  mm) 

1,071  j 

21 ,24 

0,Si.((X.2I  lj)in 

208-212 
(0,004  mm) 

— 

1 

4ti 

OjSi#(OCjIl»)n 

242-247 
(0,003  mm) 

40 

OSi,(OC,ll7), 

205-208 
(25  mm) 

|o,976(238)| 

I 

1 

129 

OSi*(OCI  lj(>l  --<-1 12)« 

160—161 
( 10  mm) 

!  1,4394  j 

— 

49 

0Sis(O ;i ijP i  tiiiai,). 

176-178 
(4  mm) 

1,4414 

— 

* 

i 

OSi-(Ot..,l  I.,I„ 

245-250 

(20  mm) 

1 

| 

— 

;49, 12" 

t),si,(a:,iia),; 

185-190 
(4  mm) 

1.4196  | 

— 

149.12" 

OjSUJCX^H,), 

220-225 
(4  mm) 

;  1 ,4220 

) 

149,120 

t  >»Si»(CX I„)|n 

245—250 
(3  mm) 

1 ,4228 

(49.1 30 

*  >nSic(0<  ■,!  l,i)i  j 

271  -280 
( 1  mm) 

j  1,4230 

.49, 12" 

1 

I  „  ,  , 

u,Si,((v:4l  L»„; 

300- -326 

1  1  mm) 

1  1 .4240 

'49. 12" 

1 

•  >Si,(t  KJr.l  0,),, 

M.e. 

1 99, 5—200,0 

1 

OSij((X  .fil  1 1 1 

tJjSi.-jlt  X  .4!  In  V 

ne.217 

e.e.216 

< 

4') 

1 

;  49 

OSij(Ot^I  I4):(UU  1,0 1=0  Is), 

149—151 

( 1 8  mm ) 

1  ,  V  W  1 

- 

;  4'' 

os.;(OC,iis),((x;iijqh5)j  ! 

256—200 
(75  mm) 

.  - 

!  4'< 

_  2U 

a)  Kame;  b)  Foraula;  c)  Boiling  Point,  °C;  d)  Specific  Gravity,  ; 

e)  Refractive  Index,  n^°;  f)  Absolute  Viscosity,  Poises;  g)  Bibliography 
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A) 


Hexamethoxydi- 

siloxane 

Octmethoxytri- 

siloxane 

Decamethoxy- 

tetrasiloxane 


IK1 

11!' 

11" 


*  n*°  -  1.3850. 

**  nj0  -  1.40759. 

a)  Name;  b)  Formula;  c)  Boiling  Point,  °C;  d)  Specific  Gravity,  d^°; 

20 

e)  Refractive  Index,  n£  ;  f)  Absolute  Viscosity,  Poises;  g)  Bibliography 


Si(Ocyi,)«  H*<'  ►  (Ql  1.0)^1011  4- 

•J(C,II,0)aSi01 1  >  (C5H,C))^SiOSi((X,H,),  +  1 1,0 

<0sH,O)j»SiOSi(0C,I  I,),  +  11.0  -  >  (C,H4O),SiOSi(0C,H,V)H  +  C,H,OH 

((:.II..O)^i<>Si(OC,H.>)l()H+!IOSi(OC,Hi)!)  --  > 

>  (CtHsO)|Si((Xyi,)^|,QH44-H1C)  ,rt. 

The  condensation  of  tire  intermediate  products  of  hydrolysis,  the  alkoxyhyd roxy- 
silanes  so  formed,  proceeds,  apparently,  almost  immediately  after  the  hydrolysis, 
since  up  to  now  it  has  not  been  possible  to  isolate  in  the  pure  state  any  individual 
alkoxyhyd roxysilane  of  low  molecular  weight,  for  instance  (C^O^iOH.  When  an 
insignificant  quantity  of  water  is  introduced,  linear  polymers  are  for  the  most  part 
formed;  thus,  for  example,  when  0.5  mol  of  water  per  mol  of  tetraethoxysilane  is 
introduced  into  the  reaction,  I  have  obtained  hexethoxydisiloxane  as  the  principal 
reaction  product  (Bibl.46,  47);  when  0.75  mol  of  water  is  used,  decaethaxytetrasil- 
axane;  and  when  0.82  mol  of  water  is  used,  tetradecaethoxyhexasiloxane  (Cf .Table 
27).  Later  on,  the  hydrolysis  of  the  side  alkoocy  groups,  with  the  formation  of 
branched  molecules,  probably  also  takes  place  (in  the  individual  form  such  products 
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Table  26 


Physical  Properties  of  Trialkyl sil oxanes 


1 

1 

a} 

I 

b) 

O 

°c 

<0 

,25 

d4 

.  C 

^  04 

f> 

i 

i  iSi(cxjoii5)3 

132—135 

0,8745  | 

108,121 

Triethoxysil ane  i 

iisi(ix:ii.,-c:i!=c;iu), 

110—112 

0,9830  | 

1,4284 

00,00 

1  rial  lyloxy sil  are 

( 14  mm) 

1  IS:(OCnl  17);. 

190—194 

0,882 

127 

Tripropoxysilane 

(750  mm  1 

1 

HSi[CX  1  l(CI  l 

101  —  192 

0.985(19,5")  | 

120 

Triisopropoxysi  1  ane 

|  (750  mm) 

1  190—194 
;  (751  mm ) 

0,882 

— 

loo 

Tributoxysil  ane 

!  ISi((  x  4I  l.,)3 

240—242 
115-120 
( 1 3  mm ) 

0,889  i 

1 

108 

108.121 

Tri-sec-butoxysilane 

I!SiltX.II«:il..,)<.,lIs|, 

213-215 

O.860I  | 

1,4^54  1 
1 

108,121 

Tri  anryloxysil  ane 

iiSi((x:»iillis 

132-135 

(.1  mm) 

0,8710(27“)  j 

1 

1,4210  ; 

120 

Triisoamyloxysil  ane 

nsi|ai,<:n/:H(Ci  i,).|a 

300.  .305 

0.985(15")  j 

Trihexyloxysil  ane 

]  lSi(CX  ,„l  1 1 .«% 

[  104  -170 
(5  mm) 

0.8701 

1 .4281  ' 

:2»> 

120 

Triheptyloxysil  ane 

liSi((X.«ll}i| 

PM  -1% 

( •  >  mni) 

0.8713 (2o“) 

1 .13.40  i 

120 

T iethoxybutoxy- 
silane 

!  ISi«  K.f  |,-u 

175-177 

(  '  mm ) 

i,nr>8(2(>j)  j 

i 

1.5030  1 

12'- 

Ft ho xy tributoxy¬ 
sil  ane 

!  1S.(< X  ;!I5)..(U(  ill,,)  i 

1 35  1 1 15  i 

0.8800 

120 

1'"  i  10,3  j 

Ci  butoxy amy 1 oxy- 

1 

0,8742(18  )  . 

1  .439 

silane 

1  IS'(<  >  |I !»)••'  ».3!  1, ,  i  ! 

132  -131 

1 2' 

(13mm)  ) 

(18  mini  , 

'Vitoxydi  amyloxy- 
yil ane 

!  IS-((  w  ,1  l.,n>  >>  - 1 1 1 1  ‘j  j 

117  -  l'ii 

1 2  mm  ) 

".875'i  (21s)  , 

1.1184  l 

120 

|  ; 

7o—7 ; 

1 ,2880 

1 . 1577  . 

120 

Tri-f2-  ch  1  oroethoxy- 
silane 

IIS  II.'  Il;  ' 

i 

( \  ">  mini 

1  17-.II*  ; 

1  .2881. 

1.1*>77  i 

127 

l  1 

( 1  <7  mm)' 

I 


a)  Name;  b)  Formula;  c)  Boiling  Point,  °C;  d)  Specific  Gravity,  d?5; 

20  4 

e)  Refractive  Index,  n^  ;  f)  Bibliography 

have  not  been  isolated).  The  average  number  of  structural  units  in  the  chain  in  the 
initial  stage  of  hydrolysis  strictly  corresponds  to  the  molar  proportion  of  the 
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water  used  in  the  reaction  (provided  it  is  added  slowly  enough),  and  may  be  found  by 
the  fonnula: 


where  x  ■  average  number  of  silicon  atoms  in  the  molecule; 
n  ■  number  of  mols  of  ester; 
m  *=  number  of  mols  of  water. 


Table  27 

Physical  Properties  of  Products  Liberated  by  Partial  Hydrolysis  of 
Tetiaethoxysilane  and  Tetramethoxy silane 


A) 

b) 

c) 

•c 

d) 

f) 

1  lexaethoxydi  si  loxane 

(C,H,0),Si,0 

153 — 161 

334  ! 

80,0 

46 

I  ecaethoxYtetra- 

(3  mm) 

siloxane 

(C,H,0)ioSi«0, 

208-212 

603 

74,0 

46 

Tetradecnetlioxy- 

(U.004  mm) 

hexasiloxene 

(C$H,0)|«Si«0, 

242-247 

869 

70,0 

46 

llexwnethoxydi si  loxane 

Hecanietlioxytetra- 

siloxane 

(CH,0),Si,O 

(CHjO)ioSi.O, 

(0,004  mm) 
195-205 
170-195 

(  12  K.J 

256 

473 

— 

119 

119 

Ebd?c  ane  thoxypen  t  a- 
siloxane 

|  (CH,0)j  jSinO. 

207 — 215 
(5  mm) 

j  573 

— 

1  119 

a)  Name;  b)  Formula;  c)  Boiling  Point,  °C;  d)  Molecular  Weight; 
e)  Ethcocyl  Value;  f)  Bibliography 

When  water  is  introduced  in  an  amount  close  to  1  mol  per  mol  of  tetraethoxysil- 
ane,  the  formula  ceases  to  hold,  owing  to  the  formation  of  three-dimensional  mole¬ 
cules  and  to  the  considerable  increase  in  the  velocity  of  reaction. 

Figure  7  shows  a  graph  of  the  variation  of  the  rate  of  hydrolysis  of  tetra- 
ethoxysilane  (Bibl.47)  at  a  temperature  of  65  -  70°C  (4  mol  of  water  were  added  to 
1  mol  of  tetraethoxysilane) .  As  will  be  seen  from  the  graph,  after  hydrolysis  of 
about  94£  of  the  total  number  of  ethoxyl  groups,  the  process  of  hydrolysis  slows 
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down  considerably. 

In  the  case  of  the  gradual  introduction  of  the  water  into  the  mixture,  the 
growth  of  the  molecules  takes  place  not  only  on  account  of  the  lengthening  or 


a) 

Fig .7  -  Relation  between  Degree  of 
Hydrolysis  and  its  Duration 

a)  Duration,  hours;  b)  Number  of 
hydrolyzed  ethoxy  groups,  % 


Fig.8  -  Viscosity  of  Hydrolysed  Tetra- 
ethaxysilane  vs.  Quantity  of  Water  and 
Duration  of  Hydrolysis: 

1- 2  mols  of  water  to  1  mol  of  ester; 

2- 4  mols  of  water  to  1  mol  of  ester; 

3  -  4.8  mols  of  water  to  1  mol  of  ester; 
4-8  mols  of  water  to  1  mol  of  ester 


a)  Time,  days;  b)  Viscosity,  centipoises 


branching  of  the  silcocane  chain,  but  also  on  account  of  the  cross-linking  of  the 
molecules  by  siloxane  bridges  and  the  formation  of  a  polymer  of  spatial  structure. 

As  the  number  of  ethoxy  groups  decreases,  the  probability  of  an  effective  collision 
with  the  molecule  of  water  also  decreases,  and  more  and  more  water  not  participating 
in  the  hydrolysis  reaction  remains.  Figure  8  shows  the  viscosity  of  tetraethoxysil- 
ane  plotted  against  the  amount  of  water  added.  When  2  mols  of  water  are  added  to 
1  mol  of  tetraethoxysilane,  the  mixture  still  maintains  constant  viscosity  for  many 
months  (if  there  are  no  traces  of  acid  present).  When  4  mols  of  water  are  added, 
the  viscosity  of  the  mixture  increases  very  slowly  (Bibl.48),  and  it  is  only  when 
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8  mols  of  water  to  1  mol  of  tetraethoxysilane  are  used  that  the  viscosity  rises 
rather  rapidly.  The  hydrolysis  leads  ultimately  to  gelation,  owing  to  the  formation 
of  spatial  high-molecular  polysiloxane,  with  a  certain  number  of  hydroxyl  and  ethoxy 
groups,  and  whick  firmly  adsorbs  water  and  alcohol. 

If  the  process  of  hydrolysis  is  conducted  rapidly,  by  pouring  an  excess  of 
water  into  a  dilute  solution  of  the  ester,  the  character  of  the  hydrolysis  is  sub¬ 
stantially  modified  (Bibl.49)»  In  studying  a  solution  containing  1.88  mol  of  tetra- 
ethoxysilane,  5«32  mols  of  water,  and  0.000155  mol  of  catalyst  (HCl)  to  the  liter, 
only  high  molecular  non-volatile  polymers  and  an  insignificant  amount  of  hexaethoxy- 
disiloxane  were  found  in  the  hydrolysis  product.  Other  intermediate  products  of 
hydrolysis  were  found  in  the  mixture.  In  connection  with  the  above,  the  following 
mechanism  of  the  process  may  be  proposed.  In  its  first  stage,  the  process  leads  to 
the  formation  of  heocaethoxydisiloxane.  The  velocity  constant  of  hydrolysis  of 
disilaxane  is  somewhat  less  than  that  of  tetra ethoxy  si lane,  but  the  presence  of  a 
considerable  number  of  ethoxy  groups  in  the  molecules  increases  the  probability  of 
the  formation  of  compounds  with  two  hydroxyl  groups,  of  the  type  HO^H^Oj-jSiQSi 

(°c2H5)20H« 

The  velocity  of  the  condensation  process  considerably  exceeds  the  velocity  of 
hydrolysis,  and  such  a  compound  can  easily  form  not  only  the  trimer,  but  also  a 
higher-molecular  product.  The  trimer  has  a  velocity  constant  of  hydrolysis  that  is 
only  slightly  different  from  that  of  the  dimer.  But  the  probability  of  the  forma¬ 
tion  of  a  high-molecular  compound  from  it  is  still  greater.  Thus  the  number  of 
low-molecular  products  of  partial  hydrolysis  in  the  process  of  hydrolysis  is  sharply 
reduced,  and  the  principal  reaction  product  consists  of  space  polymers  of  high  mole¬ 
cular  weight. 

Hydrolysis  of  Tetraethoxysilane  in  an  Acid  Medium 

The  most  important  factor  that  determines  the  kinetics  and  mechanism  of  the 
process  of  hydrolysis,  as  well  as  the  structure  and  properties  of  the  end  products. 
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is  the  pH  value  of  the  medium.  Under  the  action  of  12  N  HC1  on  a  solution  of  tetra- 
methoxy silane,  hydrolysis  proceeds  immediately,  and  a  large  quantity  of  heat  is 
liberated,  fonning  a  gel.  The  conduct  of  the  hydrolysis  process  in  dilute  solutions 
in  the  presence  of  dilute  acids  ha3  allowed  a  rather  detailed  study  of  the  kinetics 
of  the  hydrolysis  process  (Bibl.48).  This  study  was  made  by  means  of  periodic 
determinations  of  the  alcohol  and  water  contents  of  the  reaction  mixture  obtained  on 
mixing  dilute  HC1  with  a  solution  of  tetraethoxysilane  in  dioxane,  and  also  in 
methanol  and  ethanol.  The  water  content  in  the  mixture  was  determined  by  titration 
with  Fischer* s  reagent,  and  the  alcohol  content  by  distilling  it  off  from  the  reac¬ 
tion  product  and  determining  the  ethoxy  groups  in  the  distillate  (cf. Table  28). 

It  will  be  seen  from  Table  28  that  the  rate  of  hydrolysis  strongly  depends  on 
the  acidity  of  the  medium.  When  the  acidity  is  reduced  below  0.005  mols  to  the 
liter,  the  rate  of  hydrolysis  is  sharply  retarded,  while  when  the  acidity  falls 
below  0.003  mols  to  the  liter,  the  process  of  hydrolysis  does  not  proceed  to  comple¬ 
tion,  even  in  hundreds  of  hours. 

An  indicator  used  to  evaluate  the  influence  of  the  acidity  of  the  medium  on  the 
course  of  the  hydrolysis  process  is  the  quantity  of  water  consumed  during  the  pro¬ 
cess  of  hydrolysis,  that  isythe  difference  between  the  number  of  mols  of  water  en¬ 
tering  into  the  hydrolysis  reaction 

— S— iHJi  -4-  H..I  ’  >  — S  i— OH  +  Qlli— OH 

# 

and  the  number  of  molecules  of  water  liberated  on  condensation  according  to  the 
reaction 


—Si— OH  +  HO — 5>i- 


I 

o— Si 


114) 


Figure  9  shows  the  kinetics  of  variation  of  the  quantity  of  water  consumed  as 
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Table  28 


Hydrolysis  of  Tetraethoxysilane  In  Dioxane 


b) 

| 

1 

a) 

MCI 

! 

d) 

e) 

V 

<J) 

% 

'  K) 

_l 

1 

% 

i 

0,063 

0,1924 

I 

1  , 432 

2 

loo 

80 

2 

0,0281 

0,2043 

1,592 

1  -20 

97 

91 

3 

0,0053 

0,2132 

1 ,470 

0.40 

100 

97 

4 

0,0029 

0.IG8 

1 ,594 

100 

100 

-- 

5 

0,0022 

,  0,358 

2.45 

500 

90 

-- 

0 

0,0010 

o,20o:. 

1  ,207 

1 

40 

too 

2-40 

00 

100 

5.20 

87 

100 

170 

88 

“ 

!  0,000022 

1  0.2112 

1 .249 

170 

10 

a)  Experiment  Number;  b)  Initial  Concentration  of  Solution,  mol/liter;  c)  HC1; 
d)  Tetraethoxysilane;  e)  Water;  f)  Time,  Hours-min*;  g)  Degree  of  Hydrolysis,  %\ 
h)  Condensation  of  Hydrolysis  Product,  % 


a  function  of  the  acidity  of  the  medium* 

It  has  been  found  experimentally  that  the  hydrolysis  reaction  at  HC1  concentra¬ 
tions  of  the  order  of  0*003  mol  per  liter  is  a  second-order  reaction.  Adopting  the 
notation:  S^q  -  initial  concentration  of  tetraethoxysilane,  M^0  -  initial  concen¬ 
tration  of  water,  and  x  “  number  of  znols  of  tetraethoxysilane  entering  into  reac¬ 
tion,  the  general  equation  of  the  kinetics  of  the  process  may  be  written  as  follows: 


itx 

tit 


K  (,W,  -v)  (2>, 


cr,  after  integration: 

H,.— v  VI,.  --2S,  W, 

lc  2sr  ~7  "  K '  Y'm  '  “  '2 s, 

As  a  result  of  the  incompleteness  of  the  processes  of  condensation,  the  total 
quantity  of  water  (2x),  used  in  the  reaction  of  hydrolysis  will  not  be  equal  to  the 
d-Lfference  between  the  quantity  of  water  introduced  and  that  of  the  water  remaining 
in  the  medium  at  time  t,  and  it  is  necessaiy  to  have  a  factor  related  to  the  incom- 
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pleteness  of  the  condensation 


Knovring  the  value  a  for  a  given  value  of  the  acidity,  the  relation  of  the  value 
Mto  -  x 

of  ______  the  time  in  the  form  of  straight  lines  (Fig. 10),  the  velocity 


a) 

Fig. 9  -  Number  of  mols  of  Water  Consumed 
in  the  Hydrolysis  of  a  Solution  of  Tetra- 
ethoxysilane  in  Dioxane  vs.  Duration  of 
Hydrolysis  and  Acidity  of  Medium: 

1  -  0.063  nol  HC1  to  1  liter  of  solution; 

2  -  0.0381  mol  HC1  to  1  liter  of  solution; 

3  -  0.0053  mol  HC1  to  1  liter  of  solution; 

U  -  0.0016  mol  HC1  to  1  liter  of  solution; 

5  -  0.000022  mol  to  1  liter  of  solution 

a)  Time,  minutes;  b)  Quantity  of  water 

consumed,  mols 


constant  of  reaction  being  determin¬ 
ed  for  each  value  of  the  acidity  by 
an  equation  into  which  the  value  of 
the  angle  of  inclination  of  the 
straight  line,  P,  enters: 

K  \1(,  --2S, 

Calculations  of  K  show  that  the 
log  of  the  value  of  the  velocity 
constant  of  reaction  is  a  regular 
function  of  the  acidity  of  the 
medium  (Fig. 11).  This  relation  may 
be  expressed  by  the  following  equa¬ 
tion: 

log  K  =  log  [HC1]  ♦  log  0.051. 


Thus  the  value  of  the  ratio  be¬ 
tween  the  reaction  constant  and  the 
HC1  concentration  is  a  constant,  which  for  a  solution  of  tetraethoxysilane  in  diax- 
ane  at  20°C,  is  equal  to  0.051. 

A  comparison  of  the  values  of  the  velocity  constant  at  20°C  and  45.3°C  made  it 
possible  to  calculate  the  energy  of  activation  according  to  the  well  known  equation 
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d  In  K  , 

Q=  ■  jr  RT*:Q  =  0,8  kcal/mol 

When  the  temperature  is  increased  from  20°C  to  45»3°C,  the  rate  of  hydrolysis 
increases  by  a  factor  of  10. 


0  4  8 


*) 

Fig. 10  -  Relation  between  Rate  of 
Hydrolysis  of  Tetraethoxysilane  in 
Dioxane  and  the  Acidity  of  the  Medium: 

1  -  0.063  mol  HC1  to  1  liter  of  solution; 

2  -  0.0281  mol  HC1  to  1  liter  of  solution; 

3  -  0.0053  mol  HC1  to  1  liter  of  solution; 

h  -  0.0016  mol  HC1  to  1  liter  of  solution; 

5  -  0.000022  mols  to  1  liter  of  solution; 

a)  Time,  hours 


Fig. 11  -  Relation  between  Velocity 
Constant  of  Hydrolysis  of  Tetra¬ 
ethoxysilane  and  Acidity  of  Medium 

a)  log  of  molar  concentration  of 
HC1; 

b)  log  of  velocity  constant  of  reac¬ 
tion 


A  study  of  the  process  of  hydrolysis  shows  that  it  proceeds  in  an  alcoholic 
medium  as  it  does  in  dioxane  (Bibl.48)  (Table  29). 

The  same  value  obtained  for  the  velocity  constant  indicates  that  the  process  of 
esterification  does  not  take  place  under  these  conditions. 

The  mechanism  of  hydrolysis  in  an  acid  medium  has  been  connected  with  the  for¬ 
mation  of  the  oxone  compound,  which  reacts  with  the  ester  according  to  the  formula: 
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H01I  HCI  i 

Si-OR  H..OCI  -  »  =Si - -OR - >— SIOH+ROH  +  HCI  (l) 


or: 


I 

MsO  +  SiOR  +  I ICI  —  >  I  IjO  :  Si— OR  >  — SiOH  -4-  ROH  4-  HCI 

/"  /\  I 


Table  29 


Hydrolysis  of  Tetraethoxysilane  in  Methanol 


m;i 

C) 

a) 

f) 

HCI 

K'IhciI 

! 

0,0034  1 

1 

0.024  1 

2,32  ! 

0.20 

0,059 

o.ooio 

0.210  I 

i 

1.207  j 

i  ,,  > 

0,104 

0.06a 

0,0037  n.l>‘24  1,10  'M2  i  0,042 

I  1 


a)  Initial  concentration,  mol/liter;  b)  HC.lj  c)  Tetraethoxysilane;  d)  Water; 
e)  Velocity  constant  of  reaction,  K  *  10^;  f)  Rauio  between  reaction  constant 

and  HCI  concentration,  K/[HC1] 

The  reaction  velocity  depends  on  the  velocity  of  rearrangement  of  the  bonds  or 
of  the  addition  of  the  hydroxyl  group  to  the  tetraethoxysilane  molecule.  In  both 
cases,  the  velocity  is  determined  by  the  product  of  the  concentrations  of  water  and 
hydrogen  chloride. 

The  preference  may  be  given  to  the  first  reaction,  as  a  bimolecular  reaction. 

As  a  result  of  a  study  of  the  kinetics  of  the  process  (Table  28),  the  conclu¬ 
sion  may  be  drawn  (Bibl.48)  that  the  velocity  of  the  process  of  condensation  in  an 
acid  medium  considerably  exceeds  the  velocity  of  hydrolysis,  so  that  it  is  not 
possible  to  isolate  hydroxyl-containing  products  of  hydrolysis  from  the  mixture. 

In  a  weakly  acid  medium,  when  the  acidity  is  reduced,  the  velocity  of 
hydrolysis  is  also  reduced,  so  that  the  possibility  of  complete  condensation  of  the 
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hydroxyl  groups  as  soon  as  they  are  formed  is  increased,  and  at  an  acidity  of  less 
than  0.003  mol  per  liter,  in  the  absence  of  a  large  excess  of  water,  the  process  of 
hydrolysis  in  dilute  solution  leads  to  the  formation  of  polymers  not  containing 
hydroxyl  groups. 

An  increase  in  the  temperature  of  hydrolysis  favors  a  greater  degree  of  comple¬ 
tion  of  the  processes  of  condensation,  thus,  at  20°C  and  45»5°C,  other  conditions 
being  equal,  the  degree  of  condensation  is  respectively  89^  and  93^»  but  even  at  a 
temperature  above  50°C,  the  condensation  still  does  not  proceed  to  completion. 

In  contrast  to  the  hydrolysis  of  SiCl4,  the  formation  of  cyclic  compounds 
[  (CjH^OjjjSiO]*,  with  molecular  sizes  11,  6,  and  4.1  A,  is  noted  on  the  hydrolysis  of 
tetraethoxysilane  in  an  acid  medium. 

The  stability  of  the  sol  of  the  hydrolysis  products  depends  mainly  on  three 
factors.  The  principal  factor  is  the  acidity  of  the  medium.  When  the  acidity  is 
reduced  below  0.002  mol  per  liter,  the  velocity  of  gelation  rapidly  rises.  The 
other  factors  are  the  concentration  of  the  starting  monomer  in  the  solution,  and  the 
amount  of  unreacted  monomer.  When  the  concentration  of  the  hydrolysis  product  in¬ 
creases,  gelation  is  accelerated,  but  the  presence  of  unreacted  tetraethoxysilane  in 
the  mixture  stabilizes  the  sol  of  the  hydrolysis  product. 

If  the  solvent  is  removed  from  the  products  of  incomplete  hydrolysis  of  tetra¬ 
ethoxysilane,  then  an  infusible  compound  (a  powder  outwardly  resembling  silica  gel) 
containing  a  few  percent  of  ethoxy  groups,  is  formed.  This  powder  is  completely  in¬ 
soluble.  A  study  of  the  films  obtained  by  evaporating  solutions  of  hydrolyzed 
tetraethoxysilanes  on  a  mercury  surface  by  X-ray  diffraction  shows  the  structure  of 
the  polymer  to  be  similar  to  that  of  frozen  solid  tetraethoxysilane.  It  follows 
from  this  that  the  end-groups  of  polysiloxane  are  ethojy  groups. 

Hydrolysis  of  Tetraethoxysilane  in  an  Alkaline  Medium 

The  presence  of  alkali  in  the  solution  being  hydrolyzed  likewise  favors  the 
acceleration  of  the  process  of  hydrolysis  of  tetraethoxysilane,  but  the  character  of 
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the  hydrolysis  in  alkaline  medium  is  somewhat  different.  The  results  of  hydrolysis 
in  a  medium  of  methanol,  ethanol,  or  dioxane  in  the  presence  of  an  alkali  are 
summarized  in  Table  30. 


Table  30 


Hydrolysis  of  Tetraethoxysilane  in  Various  Solvents  in  the  Presence 


of  Alkalies 


A) 

b) 

f) 

*0 

C) 

d) 

e) 

w) 

0 

M«*8*nol 

0,047 

0,235 

1,06 

0 

0 

0 

0,976 

0-03 

0,11 

_ 

0,768 

0-09 

0,99 

_ 

0,597 

0-25 

1.72 

_ 

0,557 

0-53 

1,89 

4.0 

0,520 

10-00 

2,04 

4,0 

0,0185 

1,25 

2.44 

0 

0 

0 

2,29 

0-04 

0,12 

2,12 

0—21 

0,256 

_ 

1.81 

2-15 

0,505 

— 

1.70 

3-40 

0,590 

_ 

1.13 

18-00 

0,97 

— 

Ittuncl 

0,0103 

0,2305 

0,085 

0 

0 

0 

0,89 

2-25 

0,41 

— 

0,835 

23-25 

0,65 

— 

0,77 

47-00 

0,93 

— 

0.72 

119-00 

1.14 

2,2 

OioxAnc 

0.035 

0,230 

,0 

3-00 

0,75 

1.2 

0,0145 

0,2144 

1,62 

240—00 

u,35 

0,52 

0,0083 

0.230 

1,92 

300 

0,3 

0.5 

0,00391 

0,230 

1,67 

300 

0,'.! 

0.5 

0,000205 

0,236 

1,424 

30000 

0 

0 

0,220 

0,846 

1  0 

0 

,  0 

Ammon!* 

0,220 

0,855 

1  0-10 

0,64 

!  _ 

1,50 

1 

1 

I 

1 ,56 

0.220 

0,698 

!  24-00 

0,75 

_ 

0,227 

1  1 ,028 

0 

0 

i  0,144 

0,227 

l  1 ,002 

22-30 

0,114 

1  - 

!  0.144 

0,227 

1  0,045 

i  147-00 

0.365 

1  - 

a)  Solvent;  b)  Composition  of  Mixture  Hydrolyzed,  mol/liter;  c)  Alkali; 


d)  Tetraethoxysilane;  e)  Water;  f)  Duration  of  Hydrolysis,  Hours-minutes ; 


g)  Number  of  mols  per  mol  of  Tetraethoxysilane;  h)  Of  Water  Consumed; 

i)  Of  Alcohol  Liberated 


The  data  presented  in  Table  30  indicates  the  strong  dependence  of  the  course 
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of  the  condensation  process  on  the  pH  of  the  medium  and  on  the  nature  of  the  sol¬ 
vent.  Hydrolysis  in  an  alkaline  medium  in  general  proceeds  more  slowly  than  in  an 
acid  medium,  and  requires  the  presence  of  relatively  large  amounts  of  alkali. 
Hydrolysis  in  methanol  proceeds  most  rapidly.  It  is  noted  that  an  increase  in  the 
concentration  of  tetraethoxysilane  involves  the  precipitation  of  the  polymeric 
hydrolysis  product  in  the  form  of  a  white  precipitate.  The  same  thing  is  observed 
in  solutions  in  ethanol,  although  the  rate  of  reaction  in  such  case  is  somewhat 
slower.  In  dioxane,  the  reaction  proceeds  most  slowly  of  all.  and  at  high  alkali 
concentrations  two  layer*  are  formed,  a  solution  of  the  monomer  in  dioxane.  and  an 
aqueous  alkaline  sol  of  the  hydrolysis  product. 

At  alkali  concentration  of  the  order  of  10  mol  per  liter,  the  process  of 
hydrolysis  in  dilute  solutions  is  practically  completely  stopped. 

Anmonia  and  pyridine  catalysed  the  hydrolysis  reaction  only  when  present  in 
considerable  quantities,  while,  in  amnoniacal  solutions,  the  immediate  condensation 
of  the  hydrolysis  products  takes  place  and  the  polymer  is  almost  iamediately  thrown 
down  in  the  form  of  a  white  flocculent  precipitate. 

The  order  of  the  reaction  was  determined  by  comparing  the  time  necessary  to 
reach  a  certain  degree  of  hydrolysis  at  different  concentrations  of  the  reagents. 

It  was  found  that  at  low  concentrations  of  the  reagents,  the  reaction  of  hydrolysis 
of  tetraethoxysilane  is  of  the  first  order,  and,  consequently,  may  be  described  by 
the  following  equation: 

2,303  l«  (2S{.  -*)  --/<  +  C 

where  K  is  the  velocity  constant  of  reaction,  whose  value  is  close  to  that  of  the 
reaction  of  acid  hydrolysis  (cf.  page  268  and  Table  31). 

In  contrast  to  acid  hydrolysis,  the  rate  constant  of  alkaline  hydrolysis  is  not 
proportional  to  the  concentration  of  OH  ions,  but  is  a  linear  function  of  it: 
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K 

K" 


„  (NaOH| 
3''  ’[NaOHJ* 


2, I 


Table  31 

Hydrolysis  of  Tetraethoxysilane  in  an  Alkaline  Medium 


a) 

b) 

!  O 

1 

1 

d) 

K/lNaOH) 

0.0347 

0,235 

1 ,67 

0,047 

0,0130 

0.1(52 

| 

1 .70 

0,020 

a)  Concentration  of  Alkali,  mol/liter;  b)  Concentration  of  Tetraethoocysilane, 
mol/liter;  c)  Velocity  Constant  of  Hydrolysis,  K  *  1(P;  d)  Ratio  of  Velocity 
Constant  of  Hydrolysis  to  Concentration  of  alkali,  K/[NaOH] 

This  relation  is  graphically  represented  in  Fig.  12  (cf.  also  Table  31). 

In  the  case  of  more  concentrated  solutions,  the  rate  constant  falls  sharply, 
and  the  relative  time  necessary  to  reach  a  certain  degree  of  hydrolysis  at  different 
concentrations  is  different.  At  a  concentration  of  tetraethoxysilane  in  the  mixture 
of  0.936  mols  per  liter  of  solution,  the  process  of  hydrolysis  is  a  first  order  re¬ 
action  until  3058  of  the  reaction  has  been  completed.  At  a  tetraethoxysilane  concen¬ 
tration  of  1.25  mol  per  li+»r,  the  velocity  of  the  reaction  decreases  shaiply,  and  a 
precipitate  is  thrown  down  immediately  after  the  beginning  of  the  hydrolysis. 

The  polymer  obtained  in  an  alkaline  medium  has  a  structure  different  from  that 
of  the  product  of  acid  hydrolysis.  In  the  foraer  case,  the  addition  of  monomer  does 
not  exert  a  stabilizing  influence  on  the  sol  of  the  hydrolyzate .  It  may  be  postu¬ 
lated  that,  together  with  the  intennolecular  condensation  of  the  hydrolysis  pro¬ 
ducts: 

I 

-Si -on  -t-  no-si-  -  -  >  —  si— o— s;—  +  11,0 
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the  reaction  of  formation  of  silanolate  groups  also  takes  place: 

-i-  Ol  I  4- NaOH  >  ij-ONa -f  H„f> 

!  I 

This  reaction  probably  takes  place  on  the  surface  of  the  polymer,  which  results 
in  the  slowing  of  the  process  of  dissolution.  Obviously  the  separation  of  phases  in 
hydrolysis  in  dioxane  is  also  connected  with  this. 

As  for  the  mechanism  of  the  process  of  alkali  hydrolysis,  here  the  existence  of 
nucleophilic  substitution  is  postulated,  but,  in  contrast  to  the  process  of  acid 
hydrolysis,  the  rate  of  reaction  increases  with  increasing  dielectric  constant  of 
the  medium,  which  is  obviously  connected  with  dissociation.  The  following  mechan¬ 
ism  of  nucleophilic  substitution  is  proposed: 


I  I  i 

OH'  -SiOR  ---■  HOiSiOR'  —  HOSi-  4  OR* 

1  /\  I 

RO'4-HOH  -  vroH  +  HO- 

Here,  the  obvious  factor  determining  the  velocity  of  reaction  is  the  cleavage  of 
the  nucleophilic  complex. 

Hydrolysis  of  Other  Tetraalkooarsilanes 

The  processes  of  hydrolysis  of  various  esters  of  orthosilicic  acid  differ  in 
reaction  velocity  and  in  the  structure  of  the  end  product,  but  fundamentally  the 
mechanism  of  the  process  is  analogous  to  what  has  just  been  described. 

From  the  mixture  formed  under  the  action  of  insufficient  water  on  tetrameth- 
oxysilane,  individual  polymethoxysiloxanes  containing  from  2  to  10  silicon  atoms  in 
the  siloxane  chain  have  been  isolated.  The  hydrolytic  cleavage  of  the  methoxy 
group  proceeds  more  easily  than  that  of  the  ethoxy  group.  On  introduction  of  1  mol 
of  water  per  mol  of  tetramethoxysilane  (Bibl.49),  the  average  molecular  weight  of 
the  hydrolysis  products  (which  obviously  have  a  branched  or  linear  structure)  is  as 


F-TS-9191/V 


274 


much  as  10,000.  The  eel  obtained  as  a  result  of  the  hydrolysis  of  tetramethoxysil- 
ane  contains  an  insignificant  number  of  methoxy  groups. 

The  hydrolysis  of  the  isopropyl  and 
isobutyl  esters  of  orthosilicic  acid  pro¬ 
ceeds  at  a  lower  intensity.  The  initial 
hydrolysis  products  have  been  obtained 
(Bibl.49)  by  reacting  SiCl^  with  a  mixture 
of  an  alcohol  and  the  calculated  quantity 
of  water;  for  instance,  with  a  ratio  of 
0.5  mol  of  water  per  mol  of  SiCl^,  the 
principal  reaction  product  is  the  hexa- 
alkoxydisiloxane.  It  is  very  interesting 
that  together  with  linear  polyalkoxysii- 
oxanes,  it  has  also  been  possible  to  ob¬ 
tain  cyclic  polysiloxanes,  for  instance 
tetramers  [USi(0R)2]^  and  the  higher  sil- 
oxanes,  which  according  to  the  author's  opinion,  have  the  structure  of  condensed 
tetrasiloxane  rings.  These  compounds  were  the  first  siloxane  hydrolysis  products 
not  containing  the  Si-C  bond  to  be  isolated  in  the  free  state.  On  heating  the  hy¬ 
drolysis  product  of  the  isopropyl  ester  of  orthosilicic  acid,  processes  of  condensa¬ 
tion  occur,  with  cleavage  of  diisopropyl  ester  or  of  its  decomposition  products,  iso¬ 
propyl  alcohol  and  propylene: 

I  i  I  ! 

-O-Si— OR  +  KOSi— O  -  »  —  OSi— OSiO  +  R.O 

!  !  II 

o  o  o  o 

i  ;  ;  ' 

In  the  case  of  octaisopropoxycyclotetrasiloxane,  the  process  obviously  proceeds  with 
the  formation  of  cross-linked  rings,  and  also,  perhaps,  of  a  certain  quantity  of 
condensed  rings  of  the  type: 


Fig. 12  -  Velocity  of  Hydrolysis  of 
Solution  of  Tetraethoxysilane  in 
Methanol  vs.  Alkalinity  of  Medium 
1  -  0.161  mol  Si(0C2H5)4  +  0.0130  mol 
NaOH  per  1  liter  cf  solution;  2  -  0.235 
mol  of  Si(0C2H5)4  +  0.0347  mols  NaOH 
per  liter  of  solution 

a)  Time,  minutes 
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The  further  process  of  condensation  cannot  be  exactly  described  on  the  basis  of 
these  experimental  data.  Only  certain  general  considerations  may  be  expressed,  to 
the  effect  that  the  cyclic  products  so  formed  are  joined  together  through  the 
Si— O-Si  silaxane  bonds  with  liberation  of  an  ester  on  account  of  the  alkcocy  groups. 
The  formation  of  complex  mixtures  of  polymeric  homologs  of  linear,  cyclical,  or 
cross-linked  structure  is  the  most  probable. 

Hydrolysis  of  Higher  Tetraalkoxysilanes  in  the  Presence  of  Catalysts 

A  study  of  the  process  of  the  hydrolysis  of  higher  tetraalkoxysilanes  in  an 
acid  medium  (Bibl.49)  shows  that  the  regularities  pointed  out  for  tetraethoxysilane 
also  hold  for  the  higher  tetraalkoxysilanes .  The  process  of  hydrolysis  is  rather 
accurately  described  by  the  equations  for  a  second-order  reaction,  the  rate  con¬ 
stant  varying  approximately  in  proportion  to  the  hydrogen-ion  concentration. 

Thus,  to  evaluate  the  velocities  of  hydrolysis  of  various  tetraalkoxysilanes, 
the  ratio  between  the  velocity  constant  of  hydrolysis  and  the  hydrogen  ion  concen¬ 
tration  may  be  used.  The  equation  for  the  second-order  reaction  reflecting  the 
course  of  the  process  of  hydrolysis  (cf.  page  269)  nay  in  this  case  be  written  as 
follows: 


where 
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If  the  equation  is  written  in  the  following  form: 

1  l  Mft  —  x  Mt%  \  __  M/ s  —  2Sjo 

ITFri18  2S,'-x  ~  iC1 )=  K>  2,303 

and  the  time-dependence  of  the  quantity 


is  plotted  on  the  graph  (Fig.13)  then  we  shall  have  a  family  of  curves,  by  using  the 
angle  of  inclination  of  which,  by  analogy  to  the  preceding,  the  values  of  the  velo- 
city  constant  of  reaction  can  easily  be  calculated  for  various  tetraalkoxysilanes. 


Table  32 

Hydrolysis  of  Tetrahexylsiloocane 


a) 

V 

1 

0  1 

d) 

I 

0,238 

1,202 

2.15 

0,00888 

0,236 

I 

1  .3.62 

0.65 

0,0081 

! 

a)  Initial  Concentration,  molAiter;  b)  HC1;  c)  Tetrahexylaxysilane;  d)  Water; 
)  Velocity  Constant  of  Reaction,  K  *  10^;  f)  Ratio  between  Velocity  Constant 
of  Reaction  and  Hydrogen  Ion  Concentration,  K/[H*] 


The  variation  in  the  value  of  the  velocity  constant  is  determined  primarily  by 
the  molecular  weight  of  the  alkcocy  group  (by  the  number  of  carbon  atoms,  cf.Fig.14), 
and  also  by  its  structure*  The  presence  of  branches  in  the  carbon  chain  of  the 
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alkoxy  group  sharply  affects  the  velocity  of  hydrolysis  of  the  lower  tetraalkoxysil¬ 
anes,  and,  to  a  lesser  extent,  that  of  the  higher  tetraalkoxysilanes  (more  than  10 
carbon  atoms),  which  indicates  the  existence  of  steric  hindrance  as  the  factor 
which,  to  a  certain  extent,  determines  the  course  of  the  process  of  hydrolysis. 


Fig. 13  -  Dependence  of  Velocity  of 
Hydrolysis  of  Tetraalkoxysilanes  in 
an  Acid  Medium  on  Size  and  Structure 
of  the  Alkoxy  Group 
1  -  Si(OC2H5)4;  2  -  Si  (00^9)4; 

3  -  Si(0C6H13)4; 

4  -  Si  0CH£CH2CH(CH2)2]2  4* 

a)  Time,  hours 


Fig. 14  -  Velocity  Constant  of  Hydroly¬ 
sis  of  Tetraalkoxysilanes  vs.  Number  of 
Carbon  Atoms  in  R  Group: 

1  -  Si(0R>4;  2  -  (C2H50)2Si(0R)2 


a)  Number  of  carbon  atoms  in  R  group; 

b)  Velocity  constant  of  hydrolysis, 

K  *  103 


A  study  of  the  process  of  hydrolysis  of  tetraalkoxysilanes  containing  both 
higher  and  lower  alkoxyl  groups  is  very  interesting.  In  this  case,  the  above  con¬ 
sideration  would  lead  us  to  expect  the  formation  mainly  of  lower  alcohols  during  the 
process  of  hydrolysis.  But  the  experimental  results  do  not  confirm  this.  We  pro- 
sent,  as  an  example,  the  hydrolysis  of  dihexyloxydiethoxysilane  (cf.Table  33)* 

For  tetraalkoxysilanes  containing  unlike  alkoxy  groups,  the  following  values  of 
the  velocity  constant  of  hydrolysis,  related  to  unit  concentration  of  ions,  K/[H*], 
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were  found 


Table  33 

Hydrolysis  of  Diethyloxydiethoxysilane 


A) 

I 

b) 

/) 

J _ _  _ _ 

UC1  I 

1 _ 1 

j 

d)  | 

e) 

«0 

H) 

Fthanol 

1 

u,uoi3u  ; 

I 

1,4"  ! 

0,377 

1 .38 

1  .2" 

btlianol  +  lloxano] 

o.uoi3i;  ! 

1  .51 

0.  ’.<>" 

1.25  ' 

1  .18 

a)  Solvent;  b)  Initial  Concentration,  mol/liter;  c)  HC1;  d)  Water;  e)  Dihexyloxydi- 
ethoxysilane;  f)  Number  of  mols  of  Alcohol  Formed  per  mol  of  Ester; 

g)  Hexanol;  h)  Ethanol 

Table  34 

Ratio  of  Velocity  Constant  of  Hydrolysis  of  Various  Alkoxysilanes  to 
Hydrogen  Ion  Concentration  (K/[H*] 


*) 


R-C  H„  ( 


R  -01.011011201(01.1) 
I 


Si(OK)« 

C*H,OSi(OR)j 

<<4HtO),Si<OR), 

<C,H,0),Si(0R) 


O.OOH 

<1,011 

0,50 

0,50 


0,0015 


K-CH-C.H,, 

CH, 


O.U0095 


It  -CH|CII.CH(CMni.'|j 

",(100.10 

0,000> 


*For  Si(OCsH5)4,  K/(H+)  -  0.051. 
a)  Formula 


These  data  allow  us  to  draw  the  conclusion  that  the  presence  of  unbranched 
alkoxy  groups  in  the  compound  (cf. Table  34),  slows  the  process  of  hydrolysis  only  in 
the  case  where  there  are  more  than  two  of  them  in  the  molecule.  If  their  number  is 
exactly  two,  then  the  velocity  of  hydrolysis  of  a  tetraalkoxysilane  with  two  branch¬ 
ed  and  two  ethoxy  alkoxy  groups  holds  close  to  the  velocity  of  hydrolysis  of  the 
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corresponding  branched  tetraalkoxy silane.  From  these  data  the  conclusion  may  be 
drawn  that  the  velocity  of  hydrolysis  is  completely  determined  by  the  screening  ac¬ 
tion  of  the  radicals  of  the  alkoxyl  groups,  or,  in  other  words,  that  the  fundamental 
rate-determining  factor  for  the  process  is  the  difficulty  of  the  water  molecule  or 
hydroxonium  ion  penetrating  to  the  oxygen  of  the  ether  bond  Si-OC.  After  the 
attachment  of  the  water  or  hydroxonium,  however,  the  further  course  of  the  reaction, 
the  authors  assert,  does  not  depend  on  the  structure  of  the  alkoxy  group,  or  depends 
on  it  only  to  an  insignificant  extent,  and  the  relative  stability  of  the  Si— (DC  bond, 
depending  on  the  presence  of  these  or  those  radicals,  then  affects  the  ether=bond 
disruption  rate,  itself,  only  to  an  insignificant  extent. 

In  contrast  to  the  processes  of  hydrolysis  of  tetraethoxysilane,  in  the 
hydrolysis  of  the  higher  tetraalkoxy  silanes,  the  processes  of  reesterification  of 
the  free  hydroxyl  groups  by  the  alcohols,  which  are  solvents,  and  consequently  are 
present  in  considerable  excess,  does  have  a  certain  importance. 

The  tetraphenoxysilanes  are  hydrolyzed  with  relative  ease  by  water.  At  the 
very  instant  of  contact  between  tetraphenoxysilanes  and  water,  polyphenoxysiloxanes 
are  formed,  and  if  alcohol  is  added,  or  on  boiling  with  water,  hydrolysis  proceeds 
practically  to  completion.  For  instance,  when  0.1079  g  of  tetraphenoxysilane  is 
boiled  with  150  g  of  water,  98.6$  of  the  theoretical  quantity  of  phenol  is  formed. 
The  considerable  acceleration  of  the  hydrolytic  processes  is  caused  usually  by  the 
presence  of  additional  functional  groups  in  the  molecule  of  the  ester  of  ortho- 
silicic  acid  (Bibl.102),  for  instance  of  chlorine  in  Si (CK^fyCl)^  or  of  the  ether 
group  in  SiCOCjH^OR)^. 

The  rate  of  condensation  of  the  hydrolyzates  of  the  higher  tetraalkoxysilanes , 
and  the  hydrolyzates  of  tetraethoxysilane,  both  in  dilute  solutions,  are  close  to¬ 
gether;  the  final  stage  of  the  condensation  decreases  with  increasing  acidity  and 
with  the  increase  in  the  molecular  weight  of  the  alkoxy  groups  (cf. Table  35). 

On  the  hydrolysis  of  esters  whose  alkoxy  groups  have  unwieldy  radicals,  poly- 
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mera  containing  hydroxyl  groups  are  formed.  This  is  obviously  related  to  steric 
hindrance  as  well,  for  the  long  carbon  chains,  and  even  more,  branched  or  cyclic 


Table  35 

Relation  between  the  Degree  of  Condensa¬ 
tion  of  the  Hydrolysis  Products  of 
Alkoxysilanes  and  the  pH  of  the  Medium 


*)  j 

C) 

SitOQ.HiU 

0,002 

iOO 

O.005 

97 

0,028 

91 

0,068 

80 

Sl((  >1  .„!  1 1  n) , 

0,0070 

88 

0.0076 

1 

i 

88 

chains,  prevent  the  approach  of  the 
hydroxyl  groups,  thus  hindering  the 
process  of  condensation.  Thus,  for 
example,  the  polymeric  products  of  the 
hydrolysis  of  cyclohexyloxychlorosil- 
anes  always  contain  free  hydroxyl 
groups,  and  it  is  possible  to  run  the 
reaction  according  to  the  formula 

*  (QH1|0),Sj<;i»  y  l(QH„0)2  SiO).v 


a)  Formula;  b)  HC1  Concentration, 
mol/liter;  c)  Degree  of  Condensation, 
in  %  of  Number  of  Alkoxy  Groups  Split 

Off 


only  when  ether  solutions  of  dicyclo- 
hexylaxydichloro silane  are  reacted  with 
dry  silver  carbonate  (Bibl.50),  thus 
forming  the  cyclic  trimer  and  tetramer. 


From  tricyclohexyloxychlorosilane  under 
similar  conditions,  hexacyclohexylaxydisilaxane  is  obtained: 


2(C,H„0),SiCI  +Ak/;<),  >  <<:»HllO)i,SiOSi(OC,Hll),-!  2A«CI  +  < A 


and  f  ora  cyclohexyloxytrichlorosilane,  the  polymer  [SifOC^Hjj^Oj^Jx,  whose  struc¬ 
ture  recalls  that  of  the  compounds  obtained  by  the  complete  hydrolysis  and  condensa¬ 
tion  of  alkyltrichlorosilanes.  In  this  case,  when  the  silver  carbonate  used  for 
the  reaction  contains  traces  of  moisture,  hydroxypolyalkaxysiloxanes  are  fonned. 

Hydrolysis  of  Polyalkoxysiloxanes 

In  studying  the  kinetics  of  the  process  of  hydrolysis  of  polyalkoxysiloxanes, 
the  basic  propositions  established  for  the  hydrolysis  of  the  tetraalkoxysiloxanes 
were  confirmed  (Bibl.49).  The  velocity  constants  of  hydrolysis  of  the  alkoxyl 
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groups  and  the  ratio  K/CH*]  decrease  for  the  polymers  with  their  increasing  mole¬ 
cular  weight,  which  is  illustrated  by  Fig. 15,  and  by  the  data  of  Table  36  on  the 
hydrolysis  of  polyethoxysiloxanes . 


Table  36 

Hydrolysis  of  Polyethoxysiloxanes 


a) 


Monomer 
W<)  '  onomer 
/>8C<)  '’onomer 
,  rimer 
iJol  yetjioxvsi  loxano 
I  'ulypthuxysiloxane* 


+  (  -V*  t )  I  iir 

+  ( Tri 


mer 

rimer 


b) _ 

1 

MCI 

<*) 

00,11 

It  In  1 

1 

i 

0.048 

ii.  ; 

I  .12 

I  ,;soo 

0,028 

O.OOOll 

1  .  152 

i  ;.m 

0.02:5 

0 .0(171/1  j 

1 .545 

1 .570 

0.017 

u,OI72  ! 

1  .54 

1  .547 

0.012 

i  iiooo:.  i 

!  .  57 

1.175 

o.OOH' 

Polyethoxysiloxane  in  which  the  ratio  ■=  1.585. 

a)  Starting  Compound;  b)  Initial  Concentration,  mol/liter;  c)  HC1;  d)  Water; 

e)  OC2H5;  f)  K/[H4] 

Figure  16  shows  that,  with  lengthening  of  the  poly3iloxane  chain,  the  value  of 
the  constant  decreases,  this  decrease  becoming  smaller  and  smaller  and  ultimately 
being  stabilized  when  it  reaches  about  1/6  the  value  of  the  constant  for  the  mono¬ 
mer.  It  must  be  noted  that  the  variation  of  the  velocity  constant  of  hydrolysis  of 
polys iloxanes,  as  a  function  of  the  silaxane  chain  length,  is  considerably  smaller 
than  the  variation  of  the  velocity  constant  of  hydrolysis  of  tetraalkoxysilanes  as  a 
function  of  the  increase  in  alkoxy-group  length.  This  confirms  the  above  hypothesis 
that  the  rate  of  hydrolysis  is  primarily  determined  by  the  ease  with  which  water  or 
a  nucleophilic  reagent  penetrates  to  the  ether  oxygen,  for  which  a  long  organic 
group  is  naturally  a  greater  obstacle  than  a  siloxane  chain. 

In  a  study  of  the  hydrolysis  of  polyisopropaxysilaxane  in  the  presence  of  a 
normal  solution  of  ammonia,  it  was  found  that  for  different  polysiloxanes,  the 
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process  proceeds  with  approximately  the  same  velocity  (Fig. 17).  In  the  absence  of  a 
catalyst,  the  velocity  of  hydrolysis  decreases  sharply. 


a) 


Fig. 15  -  Relation  between  the  Velocity 
of  Hydrolysis  of  Polyethaxysiloxanes 
in  Dicocane  and  the  Composition  of  the 
Polymers: 

1  -  60£  Monomer;  40 %  Dimer;  2  -  68£ 
Monomer;  32£  Trlmer;  3  -  Trimer; 

4  -  Polymer  in  which  the  Ratio 
1.585 


C2.H.50. 


a)  Time,  minutes 


Fig .16  -  Relation  between  Velocity  of 
Hydrolysis  of  Alkaxyl  Groups  in  Poly- 
ethoxysiloxanes  and  the  Length  of  the 
Siloxane  Chain 


a)  Monomer;  b)  Dimer; 
c)  Trimer;  d)  Polymer 


In  estimating  the  values  of  the  velocity  constant  of  hydrolysis  of  tetraalkoxy- 
silanes,  it  must  be  borne  in  mind  that  the  constants  represent  average  values  deter¬ 
mined  by  the  velocity  constants  of  hydrolysis  of  all  the  intermediate  polysiloxanes 
that  are  foxmed.  The  reduction  of  the  velocity  constant  of  hydrolysis  of  disilox- 
ane  by  comparison  with  that  of  tetraalkaxysilane  is  due  to  the  exclusion  of  the 
largest  component  that  determines  the  hydrolysis  of  the  first  alkoxy  group,  etc. 

Tetraethcocysilane  is  of  the  greatest  practical  importance  among  the  esters  of 
orthosilicic  acid.  Most  papers  on  the  practical  conduct  of  the  process  of  hydroly¬ 
sis  and  the  use  of  the  products  relate  to  this  compound.  There  are  several  differ¬ 
ent  methods  of  hydrolysis:  blowing  of  moist  air,  hydrolysis  in  aqueous  emulsion  and 
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in  alcoholic  solution*  "Ethyl  silicate  40",  for  instance,  is  brought  to  the  stan¬ 
dard  viscosity  and  Si02  content  by  vigorous  mixing  with  the  necessary  quantity  of 
water  in  the  presence  of  emulsifiers  (Bibl.45)* 


*) 


Fig.17  -  Relation  of  the  Velocity  of 
Hydrolysis  of  Polyisopropaxysilaxanes 
to  the  Length  of  the  Siloxane  Chain, 
and  to  the  Catalysts: 

1  -  Hydrolysis  of  (C-jH^O^S^O  in  pre¬ 
sence  of  1  N  NH^OH  solution;  2  -  Hydroly¬ 
sis  of  (C^H^0)gSi302  in  presence  of  1  N 
NH^OH  solution;  3  -  Hydrolysis  of 
^HyCOoSi^  in  presence  of  1  N  NH^OH 
solution;  4  -  Hydrolysis  (C-jHyOj^S^O  by 
water 

a)  Time,  hours;  b)  Number  of 

Hydrolyzed  isopropoocy  groups,  % 


Preparation  of  aqueous  sol  of 
deeply  hydrolyzed  tetraethoxysil- 
ane  (Bibl.45).  The  hydrolyzed 
product,  containing  4Q£  of  Si02 
("ethylsilicate"),  20  parts  by 
volume,  is  vigorously  stirred  for 
1  hour  with  4  parts  by  volume  of 
5%  HC1,  and  76  parts  by  volume  of 
water  are  then  added  to  the  mix¬ 
ture*  The  sol  so  obtained  does 
not  coagulate  for  several  days. 

For  several  purposes  it  is 
convenient  to  use  esters  of  ortho- 
silicic  acid  hydrolyzed  by  pro¬ 
longed  heating  with  water  at  the 
boiling  point;  the  product  con¬ 
sists  of  a  mixture  of 
high-molecular  viscous  soluble 
polyethoxysilaxanes  (Bibl.31,  100, 
101). 

The  method  of  hydrolysis  that 
however,  is  hydrolysis  in  the  presence  of 


is  most  widely  used  and  is  most  reliable 
an  aqueous  alcohol  (usually  ethanol  or  methanol).  The  most  widely  used  catalyst 
for  the  process  of  hydrolysis  is  HC1,  and  its  concentration  in  the  water  going  to 
the  hydrolysis  ranges  from  0.3  to  5%  (depending  on  the  necessary  rate  of  hydrolysis 
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and  the  required  acidity  of  the  end  product). 

Figure  18  gives  a  solubility  diagram  of  the  system  tetraethoxysilane-denatured 
%%  alcohol-rater  (Bibl.51).  The  line  AB  corresponds  to  a  mixture  containing  the 


Fig. 18  -  Solubility  Diagram  for  the  Ternary  System 
Tetraethoxysilane-Alcohol-Water 

a)  Tetraethoxy silane;  b)  Alcohol;  c)  Water 

quantity  of  rater  theoretically  necessary  for  complete  hydrolysis.  The  amount  of 
rater  usually  introduced  into  the  reaction  is  somewhat  smaller  than  that  theoretic¬ 
ally  necessary,  so  that  polysiloxane  still  retaining  a  certain  number  of  ethoxy 
groups  is  fonned,  which  favors  adhesion  and  improvement  of  the  mechanical  indices  of 
the  hydrolyzate. 

The  maximum  quantity  of  SiC^  in  the  single-phase  mixture  containing  the  theore¬ 
tical  quantity  of  water  is  17 • 5%  (the  composition  of  such  a  mixture  corresponds  to 
the  point  li  35%  alcohol,  8%  rater,  57%  tetraethoxysilane).  But  such  a  mixture  is 
not  sufficiently  stable  for  a  prolonged  period.  Better  results  are  obtained  when 
the  hydrolysis  is  run  in  two  stages: 

(1)  preparation  of  a  partially  hydrolysed  product  which  may  be  kept  for  any 
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length  of  time  (the  point  2  :  73%  tetraethoxy silane,  2%  water,  23%  alcohol); 

(2)  preparation  of  the  completely  hydrolyzed  product. 

In  not  less  than  12  hours  after  the  first  stage  of  hydrolysis  has  been  run, 
water  is  added  in  an  amount  assuring  complete  hydrolysis  (point  3  :  695?  tetraethoxy- 
silane,  8 %  water,  23^  alcohol).  The  mixture  is  a  single-phase  system,  since  as  a 
result  of  the  partial  preliminary  hydrolysis,  alcohol  is  formed.  In  a  few  hours, 
the  hydrolysis  is  complete,  and  the  mixture  is  ready  for  use. 

We  have  already  pointed  out  the  advisability  of  using  a  polymeric  product  con¬ 
taining  as  much  as  U0%  of  SiC^  for  hydrolysis. 


Fig.19  -  Solubility  Diagram  for  the  Ternary  System:  "Ethyl  silicate  40"  » 

=■  Alcohol-Water 

a)  Ethyl  silicate;  b)  Alcohol;  c)  Water;  d)  Region  of  mixing; 
e)  Region  of  non-mixing 

Figure  19  gives  a  solubility  diagram  of  a  mixture  of  such  a  product  with  water 
and  denatured  94^  alcohol  (Bibl.45)»  The  line  BC  corresponds  to  mixtures  contain¬ 
ing  theoretical  quantity  of  water;  the  line  AD  to  the  solutions  usually  employed. 
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whose  hydrolysis  is  completed  by  adsorption  of  atmospheric  moisture.  The  following 
method  of  hydrolysis  is  the  most  rational: 

(1)  preparation  of  the  partially  hydrolyzed  product  (the  composition  of  such  a 
mixture  corresponds  to  point  2  :  Bl%  of  "ethyl  silicate  40",  2%  of  water,  17%  of 
alcohol); 

(2)  preparation  of  the  completely  hydrolyzed  product  (point  3  :  7 6%  "ethyl 
silicate  40",  7%  of  water,  17^  of  alcohol). 

It  has  recently  been  found  that  in  the  presence  of  alkaline  catalysts,  the 
so-called  "condensing  agents",  the  process  of  hydrolysis  proceeds  considerably 
more  quietly,  and  the  final  product  of  hydrolysis  possess  better  mechanical  proper¬ 
ties  in  connection  with  the  presence  of  a  larger  number  of  ethoxy  groups  in  it. 
Besides  this,  the  "condensing  agents"  encourage  the  stabilization  of  the  partially 
hydrolyzed  ester.  A  mixture  containing  2%  of  a  condensing  agent  is  stable  during 
prolonged  storage  under  room  conditions,  and  after  aqueous  alcohol  has  been  intro¬ 
duced  into  it,  it  "sets"  inside  of  20  -  30  minutes.  When  smaller  quantities  of 
condensing  agents  are  used,  the  time  required  for  the  product  to  "set"  is 
lengthened. 

Reaction  with  Organometallic  Compounds 

The  most  important  chemical  property  of  the  esters  of  orthosilicic  acid  is 
their  power,  under  the  action  of  o rganometallic  compounds,  of  substituting  an 
organic  radical  for  an  alkoxy  group  to  form  substituted  esters.  These  esters  con¬ 
stitute  one  of  the  most  important  forms  of  intermediate  product  for  the  manufacture 
of  organosilicon  polymers. 

The  most  important  reaction  of  this  type  is  the  alkylation  of  esters  of  ortho¬ 
silicic  acid  by  the  aid  of  organomagnesium  compounds.  The  preparation  of  substitu¬ 
ted  esters  of  orthosilicic  acid  by  this  method,  under  industrial  conditions,  has 
become  possible  owing  to  the  replacement  of  ethyl  ether  by  tetraethoxysilane 
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(Bibl.52)  (as  a  catalyst). 

The  alkylation  of  esters  of  orthosilicic  acid  may  be  accomplished  by  two 
methods : 

(1)  By  preparing  an  organomagnesium  compound  from  a  halogen  alkyl  and  magne¬ 
sium  in  the  presence  of  catalytic  quantities  of  tetraethoxysilane,  followed  by  a 
reaction  with  an  ester  of  orthosilicic  acid  (Bibl.123): 

2RMgX  +  Si(OR»)*  =  RjSi(OR'),  +  2R'OMgX 

(2)  Single-phase  alkylation  by  pouring,  onto  magnesium,  in  the  theoretical 
proportions,  a  mixture  of  an  ester  of  orthosilicic  acid,  a  halogen  alkyl,  and  a 
solvent. 

The  latter  method  is  considerably  more  convenient,  since  it  makes  it  possible 
to  prepare  the  desired  product  in  better  yield. 

In  contrast  to  the  alkylation  of  SiCl^,  in  the  alkylation  of  esters  of  ortho¬ 
silicic  acid,  the  amount  of  by  products  usually  formed  is  small,  and  with  a  proper 
selection  of  the  proportions  between  the  reagents,  the  reaction  can  be  directed 
completely,  or  almost  completely,  toward  the  formation,  either  of  monoalkylalkaxy- 
silaness 


Si(OR)«  +  Mg  +  R’X  =  R  Si(OR),  +  ROMgX 


or  dialkyldialkoxysilanes: 

Si(OR),  +  2R'X  +  2Mc  R2Si(OR),  +  2ROMgX 
When  trialkylalkoxysilanes 

Si  (OR),  -r  3Mg  +  3R\\  =  R>i(OR)  +  3ROMgX 

are  prepared,  a  considerable  amount  of  dialkyldialkoxysilanes  are  also  formed.  On 
the  reaction  of  esters  of  orthosilicic  acid  with  organomagnesium  compounds  under 
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ordinary  conditions  of  synthesis,  the  tetraalkyl-  or  tetraarylsilanes  are  formed  in 
very  small  quantities. 

Without  using  ethyl  ether,  reactions  have  been  conducted  (Bibl.53)  with  ethyl- 

magnesium  bromide,  isopropylmagnesium  bromide,  isobutylmagnesium  chloride,  and  iso- 

amylmagnesium  chloride;  the  process  has  been  conducted  both  in  a  single  stage,  and 

with  the  preliminary  preparation  of  the  organomagnesium  compound. 

% 

Allytriethoxysilane  (Bibl.54)  has  been  prepared,  using  either  allyl  bromide 
(yield  55%) »  or  allyl  chloride  (yield  50%),  Reactions  of  alkylation  of  tetraethoxy- 
silane  in  a  single  stage  by  the  passage  of  gaseous  methyl  chloride  or  ethyl  chloride 
through  a  mixture  of  tetraethoxysilane  and  magnesium  under  stirring,  have  been  des¬ 
cribed.  The  reaction  product  is  a  mixture  of  mono-  and  dialkylalkoxysilanes 
(Bibl.55)«  The  conduct  of  the  process  under  pressure  does  not  exert  a  substantial 
influence  on  the  yield  of  the  products  (Bibl.56). 

Under  the  action  of  methylmagnesium  iodide  on  tetraethoxysilane  in  ether  solu¬ 
tion,  methyltriethoxysilane  and  dimethyldiethoxysilane  are  formed  (Bibl.57). 

Vol»nov  and  Reutt  (Bibl.58)  have  obtained  mono-  and  diphenyl ethynylethoxysil- 
anes  without  using  ethyl  ether: 


CjH4Br  +  Mg - QHjMgBr 

C,H,MgBr  +  HCECC.H, - *■  C,H,C=CMgBr  +  C,H, 

C,H,C=CMgBr  +  Si(OC,H5), - -  C,H,C=CSi((X^H,),  +  C,H,OMgBr 

Chotinskiy  and  Serezhenkov  (Bibl.59),  on  alkylation  of  tetraethoxysilane  by 
ethereal  solutions  of  phenylmagnesium  bromide,  of  1,3-dimethylphenylmagnesium  bro¬ 
mide,  and  of  &  and  P-naphthylmagnesium  bromides,  have  prepared  the  corresponding 
aryltriethoxysilanes.  Reactions  with  ethereal  solutions  of  propylmagnesium  bromide 
(Bibl.60),  butyl-  and  amylmagnesium  chloride  (Bibl.6l)  have  been  similarly  run. 

Escers  of  orthosilicic  acid  containing  alkoxy  groups  of  relatively  high  mole¬ 
cular  weight  reacts  only  difficultly  with  organomagnesium  compounds  or  do  not  react 
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at  all,  such  as,  for  instance,  phenylmagnesium  bromide  with  tetra-p-tolyloxysilane 

(Bibl.62). 

It  is  very  important  that  not  only  tetraalkoxy silanes  enter  into  reaction  with 
organomagnesium  compounds,  but  also,  with  no  less  intensity,  their  partial  hydroly- 
zates  as  well.  Thus,  for  example,  the  reaction  of  partially  hydrolyzed  tetraethoxy- 
silanes  with  ethyl  bromide  and  magnesium  leads  to  the  formation  of  ethylethoxysil- 
anes  and  of  ethyl ethoxysiloxanes,  which,  after  hydrolysis  and  condensation,  fom 
polysiloxanes  containing,  on  the  average,  not  less  than  two  ethyl  radicals  per  sili¬ 
con  atom  (Bibl.63,  124). 

Organic  compounds  of  other  metals  likewise  react  with  esters  of  orthosilicic 
acid  to  fom  substituted  esters.  But  these  reactions  are  not  of  such  great  practi¬ 
cal  importance  as  the  reactions  with  organomagnesium  compounds. 

The  reaction  with  organolithium  compounds  proceeds  smoothly  and  can  easily  be 
regulated  (Bibl.125).  Owing  to  the  high  cost  of  lithium,  however,  the  practical 
importance  of  reactions  of  this  type  is  small.  By  the  aid  of  organolithium  com¬ 
pounds,  it  is  possible  to  substitute  organic  radicals  for  all  four  alkoxy  groups  in 
the  molecule  of  an  ester  of  orthosilicic  acid;  thus,  tetraphenylsilane  in  98$  yield 
and  tetrabutylsilane  in  97$  yield  have  been  prepared  from  tetraethoxy silane 
(Bibl.64).  Compounds  with  complex  organic  groups  are  easily  prepared  by  alkylation 
or  alkoxysilanes,  using  organolithium  compounds.  Thus,  for  example,  the  following 
compounds  have  been  prepared  (Bibl.65):  n-(CH3)2NC6H4Si(OC2H3)3;  n-CH^fySi 
(OC2H5)3;  (o,n)-(CH3)2C6H3Si(OC2H5)3;  n-C6H5C6H4Si(OC2H5)3;  n-H^C^SiCOC^J-j; 
(H0CH2C6H4)2Si(0C2H5)2  etc. 

By  the  aid  of  organolithium  compounds  it  has  been  possible  to  introduce  three 
branched  radicals  into  the  tetrmethoxysilane  molecule  (Bibl.66): 

Si(OQH,)«  +  3(CH,),CHLi  -  f(CH,),CHJ,SiOC,H,  +  3C*H,OLi 

When  two  different  organolithium  compounds  act  in  succession  on  tetraethoxy- 
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silane,  substituted  esters  with  unlike  radicals  attached  to  the  same  silicon  atom 
can  be-  prepared;  for  instance  methylphenyldiethoxysilane  (Bibl.65,  66). 

Under  the  action  of  metallic  sodium  on  a  mixture  of  tetraethoxysilane  and 
alkyl  halide,  the  alkoxy  group  is  replaced  by  an  organic  radical: 

Si(OR')4  +  2Na  +  RX  -  RSi(OR'),  +  NaX  +  NaOR' 

In  this  way  (Bibl.67)  isoamyltrimethoxysilane  mixed  with  diisoamyldiethoxysilane, 
in  respective  yields  of  39%  and  23%  have  been  prepared,  as  well  as  phenyltrimethoxy- 
silane,  cyclohexyltriethoxysilane,  and  mono-,  di-,  and  triethylethoxysilanes . 

The  reaction  with  organozinc  confounds  proceeds  only  at  temperatures  over 
300°C,  but  in  the  presence  of  metallic  sodium,  tetramethoxysilanes  and  diethylzinc, 
for  instance,  react  at  the  boiling  point  of  the  mixture  to  form  ethyltrimethoxysil- 
ane  (Bibl.68).  On  heating  tetraethoxysilane  with  diethylzinc  in  a  sealed  tube, 
tetr&ethylsilane  is  formed  (Bibl.69). 

Reactiorf  with  Acid  Halides 

The  processes  of  substitution  of  halogen  atoms  for  alkoxy  groups  in  the  esters 
of  orthosilicic  acid  proceed  when  the  esters  react  with  acid  halides,  and  may  be 
schematically  represented  as  follows: 

I  i 

— Si-OR  +  R'X  —  —Si—  X  +  ROR* 

’  ! 

where  R  *  radical; 

R*  ■  acid  residue  (inorganic  or  organic); 

X  •  halogen. 

Depending  on  the  activity  of  the  acid  halide,  the  reaction  temperature,  the 
molecular  weight  and  structure  of  the  alkoxy  group,  the  number  of  alkoxy  groups  in 
the  molecule,  and  the  proportions  of  the  reagents,  halo-esters  with  varying  numbers 
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of  alkoxy  groups,  or  SiCl^,  may  be  formed. 

The  reaction  of  tetraethoxysilane  with  phosphorus  pentachloride  was  first 
studied  by  D. I. Mendeleyev  (Bibl.2),  who  succeeded  in  replacing  two  ethoxy  groups  by 
chlorine  atoms: 

Si(OC,Hs)4  |-  2 PCI-,  =  2POC1,  +  2C,H,CI  +  (C,H50)sSiCls 


Later  Stokes  (Bibl.70)  found  that  when  a  mixture  of  these  reagents  was  heated 
to  140°C,  ethoxytrichloro silane  was  the  principle  product.  The  last  ethoxy  group  is 
more  difficult  to  replace,  SiCl4  being  formed  in  very  small  amounts. 

When  tetraethoxysilane  reacts  with  phosphorus  oxychloride  (Bibl.71,  113)  on 
heating  the  mixture  for  2  hours  to  a  temperature  of  180  -  200°C,  ethyl  chloride  and 
a  mixed  silicophosphoric  oxychloride  are  formed: 

Si(OQ!  J,)4  2POCI,  =  SiP,04CI,  +  4C,HSCI 


When  this  oxychloride  reacts  with  phosphorus  pentachloride,  SiCO^  is  formed. 

Tetraphenoxysilane  reacts  with  phorphorus  oxychloride  to  form  SiCl^,  directly 
(Bibl.70): 

Si(OC,Hj)4  4-  4POCI,  =•  SiCI4  +  4POCI,OC4H-1 


The  reaction  proceeds  quantitatively  on  heating  the  mixture  for  16  hours  at  240°C. 

On  action  of  fluorinating  reagents  on  esters  of  orthosilicic  acid,  the  alkoxy 
group  is  easily  replaced  by  a  fluorine  atom; 

,Si(OC*H-)4  +  Shi-,  =  FSi(OCsHj),  +  F,SbOC2H. 

The  most  convenient  method  for  preparing  alkoxyTluorosilanes  is  based  on  this  reac¬ 
tion  (Bibl.27): 

On  heating  a  mixture  of  833  g  of  tetramethoxysilane,  477  g  of  antimony  tri- 
fluoride,  and  3  g  of  antimony  pentachloride  for  1-j  hours,  a  mixture  of  72  g  of 
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diethoxydifluorosilane  and  63  g  of  triethoxyfluorosilane  is  obtained.  It  has  not 
been  possible  to  isolate  the  ethoxyt  rif luo ro  s ilane ,  obviously  owing  to  its  pronounc¬ 
ed  tendency  to  the  syametrization  reaction. 

When  esters  of  orthosilicic  acids  are  heated  with  acetyl  chloride  or  benzoyl 
chloride,  the  alkoxy  group  ie  replaced  by  a  chlorine  atom  (Bibl.72): 

Si<OC.Hs)4  +  RCOOCI  =  C!Si(OC;H5)j  +  RCOOC,H0 

When  equimolecular  quantities  of  tetraethoxysilane  and  acetyl  chloride  react  at 
135°C,  the  yield  of  triethoxychlorosilane  is  90j£.  Tetraethoxysilane,  heated  with 
2  mols  of  acetyl  chloride  (Bibl.73)  to  185°C,  forms  diethoxydichlorosilane  in  in¬ 
significant  yield;  when  an  excess  of  acetyl  chloride  (5  mols)  is  used,  a  certain 
amount  of  ethoxytrichlorosilane  is  formed.  On  prolonged  heating  of  a  mixture  of 
tetraethoxysilane  and  acetyl  chloride  or  benzoyl  chloride  at  200°C,  SiCl^  can  be 
obtained  (Bibl.70).  Acetyl  bromide  and  benzoyl  bromide  (Bibl.73)  react  with  tetra¬ 
ethoxysilane  at  185°C,  but  only  ethyl  bromide  and  ethyl  acetate  or  ethyl  benzoate 
have  been  isolated  from  among  the  individual  reaction  products  in  the  mixture. 

On  heating  a  mixture  of  an  ester  of  orthosilicic  acid  and  SiCl^  to  above  160°C, 
a  mixture  of  alkoxychloro silanes  is  formed.  The  composition  of  the  mixture  depends 
on  the  proportion  between  the  starting  reagents.  Both  tetraalkoxy silanes  (Bibl.74) 
and  tetraaryloxysilanes  (Bibl.13)  enter  into  this  reaction. 

Reaction  with  Aluminum  Chloride 

In  contrast  to  the  halo-esters,  the  full  esters  of  orthosilicic  acid  are  not 
decomposed  by  small  amounts  of  aluminum  chloride,  and  in  presence  of  a  large  excess 
of  aluminum  chloride,  an  aluminosilicate  is  formed  (Bibl.75): 

6Si(OR)«  +  2AICI,  =  (Si05),(AI,0.,)  +  «>RCI  +  9R50 

This  reaction  may  be  used  to  prepare  simple  ethers,  for  instance  dibutyl  ether. 
The  higher  tetraalkaxysiloxanes  react  with  difficulty  with  aluminum  chloride. 
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Reaction  with  Halogen  Hydrides 


The  esters  of  orthosilicic  acid  display  a  varying  stability  to  the  action  of 
gaseous  hydrogen  halides.  The  esters  and  haloesters  hardly  react  at  all  with  HC1, 
but  react  easily  and  almost  quantitatively  with  HI.  When  tetraethoxysilane  is  heat¬ 
ed  with  HC1  in  a  bomb  at  185°C,  an  insignificant  amount  of  ethyl  chloride  is  obtain¬ 
ed.  Tetraphenoxysilane  reacts  with  HC1  only  at  300°C,  forming  phenol.  HBr  reacts 
partially  with  tetraalkoxy silanes  on  heating;  forming  alkyl  bromide,  alcohol  and 
polysiloxane.  Tet rabutyoxy silane ,  for  instance,  reacts  with  HBr,  forming  20$  of 
ethyl  bromide  and  2%  of  butanol.  HI  quantitatively  decomposes  tetraalkoxysilanes, 
forming  the  alkyl  iodide,  the  alcohol,  and  polysiloxanes . 

It  is  possible  that  the  reaction  of  esters  with  a  hydrogen  halide  may  lead 
initially  to  the  replacement  of  an  alkoxy  group  by  a  halogen  atom: 

I  I 

— Si  —OR  J-  HX  Sl-X  -f  ROli 

'  I 

If  R  is  an  aromatic  radical,  the  reaction  stops  there,  but  an  aliphatic  alcohol 
reacts  in  turn,  at  a  high  temperature,  with  the  hydrogen  halide,  forming  the  alkyl 
halide  and  water: 


ROH  +  HX  «  RX  +  [f4> 

which  hydrolyzes  the  original  ester  to  form  polysiloxanes. 

The  Synmetrization  Reaction 

A  characteristic  property  of  mixed  asymnetric  esters  and  haloesters  of  ortho¬ 
silicic  acid,  as  it  is  in  general  for  all  monomeric  organic  derivatives  of  silicon, 
is  their  power  on  heating  to  rearrange  to  form  molecules  of  symmetrical  structure. 
Thus,  butoxytriethoxysilane,  on  heating,  undergoes  the  reaction: 

2<C;H  ,0),Siec4H,  =  (QH.O),Si(CC4H,),  +  Si(CC:Hj)4 
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Decomposition  in  a  Hydrogen  Atmosphere 

Dolgov  and  Vol’nov  (Bibl.76)  have  studied  the  reaction  of  cleavage  of  various 
esters  of  orthosilicic  acid  in  a  hydrogen  atmosphere  under  100  atm  pressure.  They 
found  that  the  stability  of  the  aliphatic  esters  under  these  conditions  is  greater, 
the  lower  the  molecular  weight  of  the  radical.  Thus,  on  heating  tetraethoxysilane 
for  20  hours  at  200°C,  20?  of  it  is  decomposed,  forming  hexaethoxydisilane: 

Si(OCjH#)4  +  H,  =  (CiH.O)sSiSi(CC:H5)3  +  2C,HsOH 

Tetraallyloxysilane  under  these  conditions  decomposes  to  the  extent  of  57.5?.  At 
higher  temperatures  the  processes  of  pyrolysis  take  place,  accompanied  by  the  forma¬ 
tion  of  water,  silica,  and  polymeric  unsaturated  hydrocarbons. 

The  aryloxysilanes  are  more  stable  and  decompose  only  when  heated  to  UOCPC, 
forming  elementary  silicon: 


Si(OC,U»)«  +  2H,  -  Si  +  4C,I  l5OH 

Reactions  with  Organic  Acids.  Aldehydes,  and  Ketones 

Organic  acids  hydrolyse  the  esters  of  orthosilicic  acids: 

Si(OR)4  +  4RCOOH  «=  lSi(OH),l  +  4R'COOR 

When  less  than  the  theoretical  amount  of  acid  acts  on  esters,  intermediate  pro¬ 
ducts  of  hydrolysis,  polyalkoxy siloxanes ,  can  be  obtained. 

On  heating  a  mixture  206  g  of  tetraethoxysilane  (Bibl.77)  and  120  g  of  glacial 
acetic  acid  at  boiling  point  for  1  hour,  Z*.6  g  of  a  mixture  of  polyethoxysiloxanes 
passing  over  up  to  135°C  (at  2  mm)  was  obtained,  together  with  a  large  amount  of 
high-molecular  nonvolatile  products  (a  fiscous  retort  residue).  When  0.5  mol  of 
acetic  acid  per  mol  of  tetraethoxysilane  was  used,  the  main  product  of  the  reaction 
is  hexaethoxydisiloxane;  when  the  reacting  substances  are  taken  in  the  molecular 
ratio  of  1  :  1,  the  reaction  yields  a  viscous  mixture  of  soluble  polymers  of  mole- 
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cular  weight  ranging  from  700  to  10,000,  with  an  insignificant  number  (2.53  -  U*91%) 
of  acetoxy  groups. 

The  end  product  of  the  reaction  is  anhydrous,  highly  active,  silica  gel,  with¬ 
out  any  electrolytes  (Bibl.7). 

Aldehydes  and  ketones,  as  well  as  chloral  hydrate,  are  esterified  on  reaction 
with  tetra  alkoxysilanes ,  and  the  esters  of  orthosilicic  acid  are  partially  or 
completely  hydrolyzed  (Bibl.6): 

2Si(OCH,)i  +  CH,CHO  -  CH,CH(OCH,),  +  (CHjOhSiOSifOCH,), 

4CI„CCH(OH).  -f-  Si(OC,H,),  =  4r;iiCCH(OH)OC.H,  a.  Si(OH)4 


The  process  is  conducted  in  alcohol  (2-3  mols  per  mol  of  aldehyde  or  ketone 
and  1.1  mol  of  tetraethoxysilane).  HC1  (10  drops  of  a  saturated  alcohol  solution) 
is  used  to  catalyze  the  reaction.  Dimethylacetal  is  obtained  in  the  cold;  while 
heating  is  necessary  to  complete  the  reaction  of  formation  of  the  higher  acetals. 
Polysiloxanes  are  decomposed  by  alkali;  the  mixture  is  washed  and  then  rectified. 
The  yield  of  acetals  is  70  -  90%  of  theoretical. 

Reactions  with  Acid  Anhydrides  (Bibl.78) 

Under  the  action  of  acetic  anhydride  on  tetraethoxysilane,  acetylethoxysilanes 
are  formed: 


Si(OC|H,),  4  CH,COUUXH,  -  04,0X6  i(OC,H»),  -r  CH^XXX^H* 
OH,COOSi(CX^H,),  +  OifCOOCOCH,  -  (CH,COO)£i(0(^H,),  +  CH,COOC,H 


It  is  believed  that  such  compounds  are  able  to  dissociate  in  a  medium  of  acetic 
anhydride,  which  might  explain  the  side  reaction  of  the  formation  of  polysiloxanes: 


CH,COOSi(OC,Hl>,  CHjCUOSitOCjH^  +  0,14,0- 
CH,CXX».(OC-ll;),  ^  CH,CO*+OSi<OCfHi)7 
CH,CXXJSi(OC*H,)7  OS,((X,H;)7  —  CHjCOJOSKCXsH.hJtOC-H  ,  t  ... 
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In  the  reaction  with  phthalic  anhydride  (Bibl.79),  the  reaction  leading  to  the 
formation  of  polysiloxanes  becomes  the  main  reaction* 

*C,H«(CO)sO  +  *Si(OC2H5)«  =  *C,H»(COOC2H5)c  +  lSi(OC2Hj)sOU 

The  process  is  conducted  by  heating  an  equimolecular  mixture  of  these  substane- 
es  for  6  hours  at  160°C. 

Reaction  with  Aromatic  Hydrocarbons 

Tetraalkoxysilanes,  as  well  as  the  ordinary  mixed  anhydrides  of  orthosilicic 
acid  Si(OCOR )^t  react  with  aromatic  hydrocarbons  in  the  presence  of  aluminum  chlor¬ 
ide: 

AiCI , 

Si  (OR)*  -I-  4C,H6 - *  4C,H5R  +  Si(OH)« 

Petrov  and  Itkina  (Bibl.72)  have  described  a  reaction  between  silicobutyric 
anhydride  and  aromatic  hydrocarbons: 

Si(OCOCjH-)*  +  4C,H,  =  4C,H2COC,H;  -p  5i(OH). 

Si(OCOC,!I?)  H-  »CH,C,H,  =  4CHaCtHtCOC,H7  J.  Si  (OH)* 


Petrov  (Bibl.80)  conducted  a  number  of  analogous  reactions  with  silicoformic 
anhydride,  obtaining  phenylformate: 

Si(OCOIl),  T  4HOQH  .  4C,H,OCIlO  -r  Si(OH)* 


tolyl  formate 


Si(OCHO)*  +  HOC*l  l*CH5  =  40HsC«H«OOi< )  —  Si(OH)* 


and  p-tolylaldehyde 

SnOCHOi*  -  4C6H,CH,  =  4CH,C,H,CHO  -r  Si(OHj* 

Petrov  and  Lagacheva  (Bibl.81)  prepared  a  number  of  aromatic  ketones  in  high 
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yield.  We  give  the  method  of  preparing  tolylphenylketone. 

A  mixture  of  31  g  of  benzoic  acid,  42.5  g  of  SiCl^  and  200  ml  of  toluene  is 
heated  on  the  water  bath  and  is  held  over  the  boiling  bath  until  the  evolution  of 
HC1  stops.  After  the  mixture  has  cooled,  45  g  of  aluminum  chloride  is  introduced 
into  it  (while  the  reaction  mass  is  allowed  to  cool  on  the  water  bath).  The  water 
bath  is  gradually  heated  to  boiling;  the  reaction  mass  is  held  there  until  the 
evolution  of  HC1  stops,  and  is  then  cooled,  poured  on  ice,  and  extracted  with  ether; 
the  ethereal  solution  is  dried  and  distilled.  The  mixture  of  ol  and  p-tolylphenyl- 
ketones,  in  86 %  total  yield,  can  be  separated  by  fractional  crystallization. 

Other  ketones  were  prepared  by  a  similar  method.  The  yields  of  benzophenenone 
was  58%,  of  methylchlorophenylketone  U5*U%»  of  methyltolylketone  62.7%,  and  of 
acetophenone  k7%. 

The  simple  tetraalkoxysilanes  react  similarly  with  aromatic  hydro- irbona  in  the 
presence  of  aluminum  chloride.  Thus,  for  example,  tetraethoxysilane  and  benzene 
form  a  mixture  of  various  ethylbenzenes  up  to  hexaethylbensene  (Bibl.7). 

The  Polymerization  Reaction 

The  unsaturated  esters  of  orthosilidc  acids,  for  example  tetraallyloxysilane 
and  tetramethaUyloxysilane,  are  able  to  polymerise  at  the  double  bonds,  forming  in¬ 
soluble  polymers  that  do  not  melt  at  tesperatures  up  to  300°C.  The  process  of  poly¬ 
merisation  at  25CPC  lasts  40  hours,  but  under  the  same  conditions,  but  with  the 
addition  of  0.5%  of  benzoyl  peroxide,  it  takes  only  25  hours. 

Properties  of  Alkoxysilanes  Containing  the  Sl-H  Bond,  and  of  Alkoxydisilanes 

Alkoxysilanes  of  the  ccaposition  HxSi(0R)^_x  combine  the  properties  of  silanes 
and  esters  of  orthosilicic  acid.  Like  the  corresponding  silanes,  the  alkoxysilanes 
very  readily  oxidise,  react  with  halogens  to  form  halo-esters,  but  are  considerably 
mors  stable  than  the  silanes.  Trialkoxysilanes  HSi(OR)^  are  the  principal  such  cosh 
pounds  that  have  been  studied  and  described.  The  hydrolysis  of  trialkoxysilanes  in 
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a  neutral,  acid,  or  weakly  alkaline  medium,  and  the  condensation  of  the  hydrolysis 
products,  proceeds  by  a  reaction  similar  to  that  of  the  hydrolysis  of 

I 

mono-substituted  esters  of  orthosilicic  acid,  namely,  the  — Si— H  bond  is  preserved 

during  the  process  of  hydrolysis,  and  the  end  product  of  condensation  has  the 
formula  (HSiO^j)*. 

When  esters  or  the  products  of  their  hydrolysis  react  with  alkalies  (Bibl.83), 

I 

1  mol  of  hydrogen  for  each  -Si-H  bond  is  evolved. 

The  products  of  esterification  of  hexachlorodlsilane  are  likewise  analogs  of 
the  tetraalkoxy silanes  in  their  properties.  Their  hydrolysis  usually  takes  place 

I  I 

with  the  -Si-Si-  bond  being  preserved,  but  in  an  alkaline  medium  this  bond  is 
1  L  ^  ™  for  -o.  Uu  «  «M). 

— 4i— ii—  4-  2KOH  -  2— SiOK  +  H, 

!  I  I 

H1LQES1ERS  OF  ORTHOSILICIC  ACID 

Haloesters  are  reactive  organosllicon  compounds  combining  the  properties  of  the 
esters  of  orthosilicic  acid  with  those  of  halogen  derivatives.  Mixed  esters  of 
orthosilicic  add  and  esters  of  polys  Hide  acid  can  be  obtained  easily  and  in  good 
yield  from  the  haloesters. 

The  individual  mono-,  di-,  and  tri-subs tituted  esters  of  orthosilicic  acid  can 
also  be  easily  prepared  by  the  aid  of  the  haloesters. 

Methods  of  Preparation 

The  most  widely  used  method  of  preparing  the  haloesters  of  orthosilicic  acid  is 
the  reaction  of  SiCl^  with  alcohols  or  phenols,  taken  in  an  amount  insufficient  for 
complete  esterification: 
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SiCI,+  ROM  =CI»SiOH  ;  HCI 
SiCI4  +  2ROH  -  CI2Si(OR)2  +  2HCI 
SiCI4  +  3ROM  =  CISi(OR),  +  3HC1 

The  reaction  for  the  preparation  of  haloesters  also  takes  place  very  easily, 
and  for  the  lower  aliphatic  alcohols  proceeds  practically  to  completion,  at  room 
temperature. 

Kalinin  (Bibl.84)  has  established  that  the  most  convenient  method  of  preparing 
chloro-eeters  is  the  reaction  between  solutions  of  SiCl^  and  the  alcohol  (1  :  1)  in 
an  inert  solvent,  for  instance  bens ene.  The  process  is  conducted  by  pouring  a  solu¬ 
tion  of  the  alcohol  in  bensene  (1  :  l)  into  a  solution  of  SiCl^  in  benzene  (1  :  1) 
with  stirring;  in  this  case  the  SiCl^  will  be  in  excess,  and  the  quantity  of  total 
esters  of  orthosilicic  acid  formed  will  be  minimum.  The  mixture  is  heated  50  -  60°C 
until  the  evolution  of  HCI  ceases;  the  bensene  (about  96$)  is  distilled  off,  and  the 
mixture  is  then  distilled  in  vacuo.  It  is  advisable  to  aspirate  dry  air  through  the 
reaction  mixture  in  order  best  to  reanve  the  HCI  during  the  process  of  synthesis. 

In  this  way  the  following  were  synthesised:  triethoxychlorosilane  (in  56.9$  yield), 
triisobutoxychlorosilane  (in  52.2$  yield),  and  triisoasgrloxyehlorosilane  (in  56$ 
yield). 

Preparation  of  siijloxrchlorosllanea  (Bibl.12).  In  a  three-liter  flask,  pro¬ 
vided  with  a  stirrer,  a  dropping  funnel,  and  a  gas-discharge  tube,  612  g  of  SiCl4 
are  placed.  Under  cooling,  over  a  period  of  2£  hours,  523  g  of  allyl  alcohol  is 
added,  and  the  mixture  is  transferred  to  a  retort  and  rapidly  heated.  The  alcohol 
is  distilled  off  together  with  the  HCI. 

Rectification  of  the  residue  at  32  sm  yields  6.1  g  of  sllyloxytrichlorosilane; 
130  g  of  diallyloxydichlorosilane;  449  g  of  triallyloxychlorosilane,  and  112  g  of 
tetraallyloxysilane . 

To  increase  the  yield  of  diallyloxydichlorosilane,  1.8  mol  of  allyl  alcohol  per 
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mol  of  SiCl^  should  be  taken,  while  to  prepare  allyloxytrichlorosilane,  1*1  mol  of 
this  alcohol  should  be  taken  instead. 

Butoxychlorosilanea  have  been  prepared  by  the  action  of  butylalcohol  on  SiCl^ 
(Bibl.85). 

Tertiary  butoxy-  and  amyloxysilanes  (Bibl.86),  as  well  as  several  mixed  alkoxy- 
butoxychlorosilanes  have  been  prepared  by  esterification  of  SiCl^  or  chloroeeter  by 
tex*tiary  butyl  or  amyl  alcohol  in  the  presence  of  pyridine,  to  neutralize  the  HC1 
formed.  When  the  mixed  haloesters  are  prepared  by  partial  esterification  of  the 
haloesters,  the  process  is  as  a  rule  conducted  in  the  presence  of  organic  bases; 
otherwise  the  HC1  formed  will  encourage  the  reaction  of  redistribution  of  the  alkoxy 
groups,  and,  instead  of  the  desired  product,  a  large  number  of  compounds ,  whose 
separation  is  almost  impossible,  are  usually  obtained. 

Preparation  of  ethoxyallyloxydlchlorosilane  (Bibl.12).  A  solution  of  1  mol  of 
allyl  alcohol  in  150  ml  of  benzene  is  added  under  stirring  to  a  cooled  mixture  con¬ 
sisting  of  1  mol  of  ethoxytrichlorosilane,  1.3  mol  of  isoquinoline,  and  200  ml  of 
benzene.  The  mixture  is  heated  to  precipitate  the  isoquinoline  hydrochloride.  The 
precipitate  is  filtered  off,  and  the  filtrate  is  rectified  under  reduced  pressure. 

It  is  interesting  to  note  that  the  cydohoxyloxy  group  is  obviously  attached 
rather  firmly  to  the  silicon  atom  and  does  not  enter  into  the  redistribution  reac¬ 
tion,  so  that  the  mixed  halo-esters  can  be  prepared  from  cyclohexanol  without  the 
use  of  neutralizing  agents.  Thus  (Blbl.12),  allyloxytrichlorosilane  and  an  equi- 
molecular  quantity  of  cyclohexanol  yield  £0%  of  allyloxycyclohexyloxydichlorosilane 
and  13%  of  allyloxydicyclohejqrloxychlorosilane. 

Vol’nov  (Bibl.87)  has  prepared  all  three  alkoxy chloro-esters  frost  n-hexyl  and 
n-octyl  alcohols  with  SiCl^. 

Preparation  of  hexrloxy-  and  octrloxychlorosilanes .  Hexyloxychlorosilane  was 
prepared  by  reacting  30  g  of  hexylalcohol  and  60  ml  of  SiCl^  in  the  cold.  The 
yield  was  72 %.  Dihexyloxydichlorosilane  was  similarly  prepared  frost  44  g  of  the 
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alcohol  and  34  g  of  SiCl^.  It  ia  considerably  sore  difficult  to  prepare  trihexyl- 
oxychlorosilane.  A  34  g  portion  of  SiCl^  was  cooled  to  a  t snap era ture  of  -10°C,  and, 
under  stirring,  166  g  of  hexyl  alcohol  was  added  at  a  rate  of  1  drop  every  2  sec* 

The  mixture  was  heated  1-2  hours  on  a  water  bath  and  then  distilled  under  10  mm 
Hg.  Tetrahexyloxysilane  was  the  main  reaction  product*  The  trihexyloxychlorosilane 
was  separated  only  on  repeated  rectification  (165  -  168°C  at  5  mm). 

By  briefly  heating  a  mixture  of  55  g  of  SiCl^  and  30  g  of  octyl  alcohol  on  a 
boiling  water  bath,  octyloxycyclosilane  in  60%  yield  was  prepared;  from  17  g  of 
SiCl^  and  28  g  of  the  alcohol,  a  mixture  containing  23%  of  dioctyloxydichloroeilane 
and  22%  of  trioxyloxychlorosilane  was  obtained. 

The  preparation  of  the  chloro-esters  of  the  higher  aliphatic  alcohol  likewise 
involves  no  difficulty. 

Preparation  of  dodecyloxychlorosllanes.  To  dodecyl  alcohol  a  solution  of  SiCl^ 
in  petroleum  etner  is  added  under  stirring  and  cooling  to  -5°C  (Bibl.88).  The  mix¬ 
ture  is  heated  to  resiove  the  HC1  and  is  distilled  tinder  a  residual  pressure  of  5  am; 
on  the  action  of  an  excess  of  SiCl^  on  dodecyl  alcohol,  the  main  reaction  product  is 
dodecyloxytrichlorosilane;  but  if  2  -  3  mols  of  alcohol  are  taken  for  every  mol  of 
SiCl^,  then  di-  and  tridodecyloxychlorosilanes  are  principally  formed. 

Vol*nov  (Bibl.89)  has  prepared  all  three  chloro-esters  of  the  structure 
[(CH2Cl)2CH0]xSiCl^_x,  (where  x  -  1.2,  and  3),  as  well  as  the  haloesters 
( BrCH 20113 rCH 2O )x  (where  x  ■  1  and  2),  by  reacting  SiCl^  with  halohydrins  of 
glycerol. 

All  three  phenoxychlorosilanes  (Bibl.90)  may  be  prepared  when  a  mixture  of 
SiCl^  with  2  mole  of  phenol  is  heated  to  100°C  until  the  evolution  of  HC1  stops, 
but  the  best  yield  is  obtained  (Bd.bl.91)  when  the  reaction  is  run  at  200°C. 

Preparation  of  phenoxychlorosilanes.  A  solution  of  2.25  mols  of  phenol  in  an 
equal  volume  of  bensene  is  added  to  an  equlmolecular  quantity  of  SiCl^;  the  mixture 
is  stirred  until  the  evolution  of  HC1  stops,  then  heated  to  200°C  and  held  at  that 
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temperature  3  to  4  hours.  Distillation  at  60  mm  Hg  yields  20£  of  phenoxytrichloro- 
silane,  35  -  k0%  of  diphenoxydichlorosilane,  35^  of  triphenoxychlorosilane,  and 
2  -  5%  of  tetraphenoxysilane. 

Tri-(p-bromophenoxy)-chlorosilane  has  been  prepared  by  a  similar  method  from 
p-bromophenol. 

Vol’nov  and  Mishelsvich  (Bibl.92)  reacted  SiCl^  with  thymol,  guaiacol,  and 
carvacrol,  and  obtained  all  the  possible  chloroesters.  The  reaction  was  completed 
on  heating  the  mixture  over  the  water  bath  for  10  -  20  minutes. 

On  the  reaction  of  SiCl^  with  menthol  (Bibl.93),  menthoxychlorosilanes  were 
prepared. 

The  fluoro-esters  of  orthosilicic  acid  may  be  prepared  by  esterification  of  the 

I 

f luorochlorosilanes ;  in  this  case  the  -Si-F  bond  is  completely  preserved. 

As  a  result  of  the  reaction  of  30  g  of  difluorodichlorosilane  with  37.8  g  of 
butyl  alcohol  dissolved  in  35  g  of  ether  at  -78°C,  17.5  g  of  dibutoxydifluorosilane 
are  obtained  (Bibl.94).  Another  widespread  method  of  preparing  haloesters  of  ortho¬ 
silicic  acid  is  based  on  the  reaction  of  substitution  of  halogen  atoms  for  alkoxy 
groups  of  a  full  ester. 

The  reaction  between  esters  of  orthosilicic  acid  and  fluorinating  reagents  is 
of  the  most  importance  for  practical  purposes,  since  this  is  a  convenient  method  of 
preparing  fluoro-esters  of  orthosilicic  acid. 

I 

The  stability  of  the  -Si-F  bonds  (especially  in  trialkoxyfluorosilanes)  is  so 

great,  that  under  the  action  of  an  alcohol,  the  fluorine  is  not  replaced  by  an 
alkoxy  group,  but  alcoholysis  of  the  alkoxyfluorosilanes  takes  place  instead: 

FSi(OCsHs),  +  3C«H,OM  =  FSi(OC4H,)3  +  3CsHsOH 

A  mixture  of  36.4  g  of  triethoxyfluorosilane  and  53*9  g  of  butyl  alcohol  is 
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Table  37 


Physical  Properties 

a)  I 


of  Aliphatic  Haloesters  of  Orthosilicic  Acid 


b) 


O 


<0 


Mpthoxytrichlorosi} ane 
Cirpethoxydichloro^ilane 
Tnmethoxyehlorosil  ane 
Fthoxytriphlorosil  ane 
Dipthoxydichloro?ilane 
^nethoxychlorosil  ane 

Di  p  ropo  xv  di  ch  1  o  ro  s  i  1  ane 
.'Jlyloxytrichlorosil  ane 
Tripropoxychlorosi  1  ane 

Diallyloxydichlorosilane 

Tri-;  ( al  lyloxy)-chloro- 
silane 

Dutoxytrichlorosil ane 

Tributoxychlorosil ane 

Methal lyloxytrichl 
silane 


CH.OSiCI, 

(CH,0)»SiCl; 

(CH,0),SiCI 

C,HtOSiCI, 

(CtHjOJtSiCIs 

(Q,H,0),SiCI 

(CsH,0)^iClt 
(C,H  0),SiCl 
CHa=CHCHsOSiC!, 


oro- 


Di  methal  lyloxydi- 
chlorosilane 
Trimethajlyloxy- 
chlorosilane 
Fthoxyal  lyloxydi- 
chlorosilane 
/Viyloxytrichloro- 
silane 

Di- (ethoxy) - allyl- 
pxychlprosilane 
tthoxydi-  ( al  lyloxy)- 
chlorosilane 
Hexylpxytrichloro- 
silane 

Dihexyloxydichloro- 

silane 

Trihexyloxychloro- 

silane 

Octyloxytrichloro- 

silane 

Lioctyloxydichloro- 

silane 

xychloro- 


Trioctylo 
silane 

P,P'  -Dichloroisoprop- 
oxytrichlorosil  ane 

Di-(0,p'  -dichloroiao- 
propoxy)-dichloro- 
silane 

Tri-0,3' -dichloroiso- 
propoxy)-chlorosil  ane 

P,  y-dibromopropoxy- 
trichlorosilane 

Di - (p , y- di bromop  rop- 
oxydi  chlorosi  1  ane 

F.thoxytri  fluorosi  1  ane 

Triethoxy  fluorosi  lane 

a)  Name;  b)  Formula; 


(CH,=CHCH,0)jSiC12 
(CH,=CHCHfO),SiCI 
C«H,OSiCi, 
(C«H,0)tSiCI 
CH*CH = Cl  ICHjOSiCl* 

(CH,CH  =CHCHgO)»SiClt 
(CH,CH=CHCH*0)»SiC! 
CjHiOtCHi^CHCH^SiCI, 
C«H|iOSiCl| 

(C,H40)tCH,»CHCHaOSiCI 

CtH^CHCHt-CHCHaOJtSiCI 

Cf  HijOSiCIa 

(CgHifOJaSiCIj 
(C«H|jO)jSiCi 
C.HjtOSiClj 
(C§Hi  70)2SiCI» 

(QHj  70),SiCl 
O’CH. 

ClCHi/CH0SiCl3 

[ciCHs/CHOjaSlCI: 

[c!S>i,o],sici 

CHjBrCHBrCHjOSiClj 

(CMsBrCHBrU  i,0)2SiC!t 

C2H*OSiF3 
{( .-HjOhSil 


82—86 

98—103 

115 

104 

137 

156 — 157 
(74  mm) 
185—188 
265-270 

35.5 
(32  mm) 

112—110,5 

81.4— 81,8 
(32  mm) 

114,2-8 
(32  mm) 

84.5 

(1  mm) 

84.5 

(1  mm) 

53.5 
(32  mm) 

141.5 

88.5— 89 

(20  mm ) 

122—123 

(20  mm) 

66—66,5 
( 32  mm) 
30-32 
(3  mm' 

85 . 5 —  86 
(32  mm) 

98,9 
(33  mm) 
190—194 
118—120 
(78  mm) 
180-185 
(35  mm) 
165-168 
(5  mm) 
146—147 
(56  mm) 
230-  236 
(35  mm) 
245-250 

(26  mm) 

210,92—93 
(12  mm) 

140-14!  j 

(0,2®  mm)  i 

196—197 
(0,36  r*vn) 

128-129 

(28  mm) 
115—120 
(1  mm) 

134.6 


1 ,2529(0°) 

1 ,291  (09> 
1,144  (O9) 
1,0483(0') 

l,028((r) 

1 ,980  (0°) 


0,9957  (d',|) 

0,994 
0,927 
1,098 
0,958 
0,921 
1  ,471 

1,498 
1 ,482 
1 ,911 


27 

27 

27 

27 

27,72 

27,106 

47 

47 

110 

110 

27 

27 

47 

47 

27 

27 

27 

27 

27 

86 

27 

27 

87 

87 

87 

87 

87 

.  87 

87 

89 

89 

89 

89 

89 

27 

27 
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c)  Boiling  Point,  °C;  d)  Specific  Gravity, 
e)  Bibliography 
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Table  38 

Physical  Properties  of  Aromatic,  Aliphatic-aromatic  and  Alicyclic-chloro-Esters 

of  Orthosilicic  Acid 


l'henoxytrichlorosil  ane 


Piphenoxydichlorosil  ane 


Triphenoxychlorosil  ane 

Thymoloxytrichlorosilane 

Dithymoloxydichlorosil  ane 

Trithymoloxychlorosilane 

Carvacryloxytrichloro- 

silane 

Guaiacyloxytrichloro- 
si I ane 

l  -IV  rnyloxytrichloro- 
sil  me 

Ti-  {-bomyloxychloro- 
sil<me 

Tri-I-  jornyloxychloro- 
silane 

Men  thoxy trich loro- 
silane 

Iimenthoxydichloro- 
silene 

Trjmenthoxychloro- 
silane 

Tri-p-brompphenoxy- 
chlorosilane 
Hexachloro- m- phenyl - 
ii  enepxydisilane 
nexachlororp-phenyl- 
eneoxydisil  ane 


^taHitOSiCl, 

luOhSiCI, 

(QoH||0)*SiC.I 

biiH||OSiUy 

CH,OC,H«OSiCl1 

( -loHijOSiCl, 

(C,olii  jO)sSiClv 
(e,oMi>o);,SiCi 
*  -lid  !|»OSi(  *l;t 

i 1  iuHiuU)jSiCIa 

(l'ii)H|»0)jSi(  .1 
(BrC,U«0),SiCI 
UsSiOC,H«OSiCls 
aaSioc,u4osia;, 


104—1501 
(13  mm) 
183-1861 

(60  mm) 

167-171 
(13  mm) 
215-218 

(60  mm) 

229-230 

(14  mm) 

242—256 

(60  mm) 

122—134 
(23  mm) 
198—200 
(3  mm) 
251-255 
(7 — 8  mm) 
108-111 
(4  mm) 
134-136| 
(30  mm) 

1 40 —  1 48 

10  mm) 

3-250! 

(10  mm) 
215 

( 1 0  mm)  | 
112  | 
(113  mm  )l 
193  I 

(8mm)  I 

224—24510 
(10mm)  | 
310 — 320| 
(12  mm)  I 

261  I 

2o7  1 


1,3462 
1,1250 
1  .0867 
1,1798 
3677(18°) 
,885(25°) 


1,1439  ! 

1  .0380  | 

9784  (I8,5)j 

I 

i 

I  .490 


-  |  90,91 

90.91 
111 

90.91 


90.91 

112 

90,9! 

112 

90 

92 

92 

92 

92 

92 
47 
47 
47 

93 
93 
93 
92 
92 
92 


a)  Name;  b)  Formula;  e)  Boiling  Point,  °C;  d)  Specific  Gravity,  d 
e)  Refractive  Index,  n^;  f)  Bibliography 


20. 
4  * 


heated  in  a  flask,  used  as  the  retort  for  a  rectification  column;  the  ethyl  alcohol 
formed  during  the  reaction  is  distilled  off  in  1  hour,  while  the  residue  is  frac¬ 
tionated,  boiling  point  134  -  134«5°C  at  32  na.  The  yield  of  tributoxyfluorosilane 
is  59*. 
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Triallyloxyfluorosilane  is  obtained  similarly  from  triethoxyfluorosilane  and 
allyl  alcohol,  distilling  off  the  ethyl  alcohol  during  the  course  of  2J  hours.  The 
yield  is  U9%. 


Physical  Properties 

The  halo-esters  of  orthosilicic  acid  are  colorless  liquids  with  a  sharp  odor 
recalling  that  of  SiCl^.  They  are  readily  soluble  in  inert  organic  solvents,  and 
are  rapidly  hydrolyzed  in  air.  They  bum  with  a  bright  flame  with  a  green  border. 
They  can  be  distilled  without  decomposition.  The  vapor  of  some  of  the  lower 
chloro-esters,  when  mixed  with  air,  take  fire  with  an  explosion. 

Table  37  (page  304)  gives  the  principal  physical  properties  of  the  aliphatic 
haloesters  of  orthosilicic  acid.  Table  38  (page  305)  gives  the  properties  of  aro¬ 
matic,  aliphato-aromatic  and  alicyclic  chloro-esters  of  orthosilicic  acid.  Table  39 
gives  the  properties  of  mixed  chloroesters  of  orthosilicic  acid. 


Table  39 

Boiling  Points  of  Mixed  Chloroesters  of  Orthosilicic  Acid 


'lethoxy-  ( ethoxy  l-  ( l  ill  tow) - 
clilorosi  I  mic 

I  i-  ( riiioxy  )  -  a)  1  \  lox\  - 
^hlr)rosl  1  ane 

r.tlioxyh- ( ill  !  yloxv)- 
rlil  orosi  1  imi* 

I  ’henoxv-  ( methuxy )  - 
( ethoxy)  -rhlorosi  1  ane 
1 i- ( al 1 y loxv) -cyrlo- 
hexvloxychlorosi  l  ane 

M  1  y  loxyli-  ( cyrlotioxyl- 

oxy'-rtilorosi  1  ,:nc 
I'tlioxv-  (  al  j  \  loxy )  - 
'llchl  orosil  ane 

Vetl.oxy-  ( phcnoxv)  - 
dirhlorosi  1  ane 

C\  r  loln-xy  1  oxy  -  (  a!  1  yl - 
oxy  )  - 1 •  i  Hi  1  oroxi  1  aiu- 


b) 

O 

1  _  C 

(i  i i 

•,»))((  ,i i.,( nSiCI 

1  r>9 —  1  no 

I™ 

II 

!,=rii(  !l,oSi( : 

85 — 80  (.82  mm) 

! 

;n. 

r  t'l  1 

08-W  (82  mm) 

!  •>“ 

ii .oik  , n-.otSi<  i 

241 

in 

(i:ii2-»:!ir;  i 

-<  1,  ,i  )i  Sit  1 

148 — 144  (82  mm) 

1 

CM: -a  IC  1 1 

,.0(( n.s  C! 

1  48  (5  mm ) 

r 

i*_!  i  ,1  >l« 

;!i,<  .S:'  ' 

128 

C)M 

=i  1  II  I  !_.<  'iSii .! . 

*'(>  (82  mm) 

27 

,i  'i  i ,( Hu 

,1  l-,OiS.t.i .  - 

,  216  (752  mm) 

1  ;i8 

1 1  >l|i  1  1. 

.  ( lii  n.oiSii  i 

1  27  ( 82  mm) 

i  ■ 

a)  Name;  b)  Formula;  c)  Boiling  Point,  °C;  d)  Bibliography 
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Chemical  Properties 
Hydro Its la 

The  halwestere  of  orthoeilicic  acid  are  hydrolyzed  and  condensed  by  the ‘same 
reactions  as  the  esters  of  orthosllicic  acid,  but  the  rate  of  hydrolysis  of  the 
haloesters  is  considerably  higher  (approximately  of  the  same  order  as  that  of  the 
hydrolysis  of  the  tetrahalosilane) .  The  hydrogen  halide  formed  during  the  first 
stage  of  hydrolysis  evidently  catalyzes  the  process  of  hydrolysis  of  the  alkoxyl 
groups.  The  most  active  catalyst  among  the  halogen  hydrides  is  HF;  thus  the 
hydrolysis  of  alkoxychlorosilane  by  water  at  room  temperatures  proceeds  slowly  and 
leads  to  the  formation  of  a  transparent  solution,  while  the  hydrolysis  of  the 
alkoxyfluorosilanes  (Bibl.27)  is  practically  instantaneous,  and  leads  to  the  forma¬ 
tion  of  silica  gel.  The  liberation  of  halogen  hydride,  likewise,  apparently 
encourages  the  processes  of  rearrangement  of  the  ether  bonds.  Thus,  for  instance, 
when  dialkoxydichlorosilanes  are  treated  with  water,  tetraalkoxysilane  is  formed 
(ffl.bl.12): 

2(RO)sSiCI.  +  HsO  =  Si(OH).  +  Si  (OR),  +  4HCI 

The  processes  of  hydrolysis  of  alkoxychlorosilanes  proceeds  somewhat  differ¬ 
ently  in  the  presence  of  organic  basis  (quinoline  or  pyridine)  which  neutralize  the 
HC1.  In  this  case,  as  a  rule,  no  cleavage  of  the  alkozy  group  takes  place  and  the 
reaction  proceeds,  forming  alkoxysiloxanes .  The  hydrolysis  of  trialkoxychlorosil- 
anes  leads  to  the  formation  of  the  alkoxydisiloxane: 

2(C*H»0),SiU  -r  HjO  +  2C,HjN - »  (QHsO)»SiOSi(OQH5),  +  2C,HSN-HCI 

Hydrolysis  of  triethoxychlorosilane.  To  a  mixture  of  19.9  g  of  triethoxy- 
chlorosilane  and  12  g  of  pyridine,  20  ml  of  water  is  added.  The  water  layer  is 
then  separated,  and  the  product  is  washed  with  several  portions  of  a  15%  aqueous 
solution  of  sodium  chloride  and  is  dried  18  hours  over  calcined  calcium  chloride. 
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Distillation  of  the  mixture  in  vacuo  (at  3  mm)  yields  10*2  g  of  hexaethoxysiloxane 
(B±bl.l2)  ( 60%  of  theoretical). 

The  hydrolysis  of  mixed  trialkoxychloro silanes,  for  instance  of  diethoxy- 
allyloxychlorosilane,  leads  to  the  formation  of  the  corresponding  mixed  disiloxanes: 


2(C,H60)j(CH4  -  CH  -  CH,0)SiCl  -f  H,0  +  2C«H,N - - 

- *>  (C,Hs0),(C,H40)Si0Si(0C,H.)(0C,HJ)s  +  2C,H5NHCl 

On  hydrolysis  of  dialkoxydichlorosllanes  and  of  alkoxytrichlorosllanes  in  the 
presence  of  bases,  polyalkoxysilanes,  which  in  some  properties  recall  polyalkylsil- 
oxanes,  are  obtained. 

x(C,H,0)^iCl,  +  xHjO  +  2xC,H,N - ►  [(CJH,0),SlO]t  +  2*C,H,NHCI 


•  To  a  solution  of  0.2  mols  of 


dibutoxydichlorosilane  in  200  -  300  g  of  bensene  or  dioxane,  a  mixture  of  0.2  mols 
of  water,  0.4  mol  of  pyridine,  and  200  -  300  g  of  bensene  is  added.  The  reaction 
mixture  is  heated  under  a  reflex  condenser  provided  with  a  calcium  chloride  tube  for 
IS  hours  (the  access  of  atmospheric  moisture  to  the  mixture  must  be  prevented). 

After  cooling,  the  pyridine  hydrochloride  is  filtered  off,  and  the  mixture  is  recti¬ 
fied,  gradually  raising  the  tespereture  in  the  retort  of  the  column  to  400  -  500°C. 

The  polybutoaTsiloxanes  so  .repared  consist  of  the  series  of  cyclical  com¬ 
pounds  [Si  (OC^)^0]X  from  eydotrisiloxane 


to  cydooctasiloxane.  The  residue  in  the  retort  (a  gel)  amounts  to  only  about  3% 
of  the  total  amount  of  the  hydrolysis  products.  The  hydrolytic  stability  of  cyclic 
compounds  varies  strongly,  depending  on  the  number  of  silicon  atoms  in  the  ring. 


F-TS-9191/V 


306 


Thus,  the  cyclical  hexamer  is  hydrolyzed  only  to  the  extent  of  3%  in  48  hours  by 
boiling  water,  the  pentamer  5%,  while  the  t rimer  is  92!f  hydrolyzed  (tet rebut oxysil- 
ane  and  hexabutoxydiailoxane  are  5%  hydrolyzed  in  72  hours)* 

Acids  exert  a  catalytic  action  on  the  process  of  hydrolysis  and  cause  rapid 
coagulation  of  the  mixture.  Treatment  of  the  cyclic  polymers  with  sodium  ethylate 
leads  to  rearrangement  of  the  silox&ne  bonds  and  the  formation  of  tetrabutoxysil- 
anes. 

A  resinous  polymer  was  obtained  on  the  hydrolysis  of  dibutoxydichlorosilane  in 
a  solution  of  benzene  and  pyridine  by  ice  water*  The  product  so  obtained  contains 
somewhat  more,  on  the  average,  than  one  butoxy  group  per  silicon  atom,  and  when 
heated  to  360°C  (at  3  nt)  no  volatile  substances  are  separated  from  it.  At  475°C, 
under  2  mm  pressure,  the  foraation  of  gas  still  does  not  occur*  The  decomposition 
of  the  film  obtained  on  the  basis  of  such  a  polymer  begins  only  at  a  temperature  of 
575°C.  In  air,  these  films  persist  without  hydrolysis  for  several  weeks. 

All  alkoxyfluo ros ilanes  immediately  fora  gels  on  reacting  with  cold  water* 

When  they  react  with  dry  pyridine,  dense  (nongelatinous)  products  are  obtained, 
which  are  rapidly  hydrolysed  by  water  to  fora  gels.  The  alkoxyfluorosllanes  differ 
strongly  from  the  corresponding  alkoxyohlorosilanea  in  their  very  high  degree  of 
decomposition  under  the  action  of  water.  This  difference  in  the  behavior  of  the 
alkoxyfluo rosilanes  and  the  alkoxyehlorosilanes  may  be  explained  by  the  fact  that 
the  HF  formed  during  hydrolysis  acts  as  a  catalyst  considerably  stronger  than  HC1 
for  the  reactions  of  hydrolysis  and  condensation  of  the  alkoxy  group.  The  fact  that 
in  the  presence  of  pyridine,  which  accepts  hydrogen  fluoride,  the  reaction  between 
trlethoxyfluorosilane  and  butyl  alcohol  does  not  take  place,  while  without  pyridine 
the  process  of  cleavage  of  the  ethoxy  groups  and  their  replacwMnt  by  butoxy  groups 
proceeds  rather  rapidly,  is  also  in  agreement  with  this  hypothesis. 
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Alkylation  of  Organometallic  Compounds 


Under  the  action  of  organometallic  compounds  on  haloesters  of  orthosilicic 
acid,  the  halogen  is  replaced  by  an  organic  radical,  forming  substituted  esters  of 
orthosilicic  acid.  Kalinin,  acting  on  trialkoxychlorosilanes  with  organomagnesium 
compounds,  obtained  a  number  of  substituted  esters' of  orthosilicic  acid. 

R.MgX  4-  SiC!(OR')3  RSi(OR')3  -t  MgXCl 
(R  -  CjHs  h  C,HS  R'  =  C.HS:  (CH,)2CHCH,  h  (CH3)2CHCH2CH2 

Phenylphenoxysilanes  may  be  similarly  prepared  (Bibl.9A): 

CI2Si(OC,H5)2  +  2C,H,MgBr  =  (C,H0)2Si(OC,H5)2  4-  2MgCIBr 

The  reaction  between  a  haloester  and  sodium  is  of  great  practical  interest, 
since  the  alkoxy  groups  f iter  into  an  alkylation  reaction  considerably  more  slowly 
than  a  halogen,  and  owing  to  this  it  is  possible  to  obtain  as  a  result  of  a  reaction 
alkylalkoxy silanes  with  a  predetermined  number  of  -Si-C  bonds: 

CI,Si(ORh  4-  4Na  4-  2R'CI  -  R,'Si(OR),  4-  4NaCI 
CISi(OR),  4-  2Na  4-  R'CI  =  R'Si(OR),  4-  2NaCI 

Preparation  of  phenyltricyclohaaarloxysilcxane  (Bibl.96).  A  mixture  of  tri- 
cyclohexyloxychlorosilane  and  chlorobenzene,  under  stirring,  is  added  to  a  mixture 
of  metallic  sodium  and  ethyl  ether.  In  15  to  20  minutes,  exothermic  reaction  be¬ 
gins.  On  the  completion  of  the  exothermic  stage  of  the  reaction,  the  flask  is  heat¬ 
ed  5  hours  on  the  water  bath,  the  precipitate  is  filtered  off,  and  the  filtrate  is 
distilled  and  rectified.  The  yield  of  phenyltricyclohexyloxysilane  is  80^  of 
theoretical* 

Under  the  action  of  metallic  sodium  on  phenoxychlorosilanes,  the  silicon  is 
partially  reduced  to  the  elementary  state,  and  tetraphenoxysilane  is  formed.  The 
process  is  completed  after  a  xylene  solution  of  phenoxychlorosilanes  is  shaken  with 
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metallic  sodium  for  15  hours  (Bibl.9l) 


4CI,SiOC,H,  +  12N»  »  Si(OC*H,)«  +  !2NaCI  +  3Si 
2CI»Si(OC«H|)i  +  4N«  -  Si(OC*H,)«  +  4NaCI  +  Si 
4ClSi<0C,H,),  +  4Na  -  3Si(OC,H,)«  +  4NaCI  +  Si 


Thermal  Transformation  (Symetrigatlon^ 

The  principal  factor  determining  the  thermal  stability  of  haloeeters  Is  their 
molecular  structure,  that  is,  their  symewrtry.  The  dialkoxydihalosilanes  are  stable 
compounds .  The  heating  of  diethoxydichlorosilane  at  the  boiling  point  for  118  hours 
produces  no  changes  in  the  product  (Bibl.12).  The  asymmetrical  haloeeters  undergo 
the  reaction  of  symmetrization  on  heating.  Vol»nov  (Blbl.97)  studying  the  behavior 
of  various  haloesters  of  orthosilicic  acids  on  heating,  found  that  the  alkoxytri- 
chlorosilanes  undergo  rearrangement  (symmetrisation)  according  to  the  reaction: 

2(RO)SiCI, - -  (RO),SiCl,  +  SiCI. 


Ethozyt richlorosilanes  at  100°C  is  25$  rearranged  in  2  hours,  while  it  is 
quantitatively  rearranged  according  to  the  reaction  we  have  just  given  after  U  hours 
of  heating  at  the  boiling  point,  and  a  certain  amount  of  ethyl  chloride  is  also 
liberated.  Hexylomytrichlorosilane  is  6  -  1 3%  rearranged  on  heating  k  hours  at 
100°C;  phenaxytrichlorosilane  on  heating  to  104  -  105°C  for  5  hours  is  only  2-3% 
rearranged;  thymoloxytrichlorosilane  begins  to  rearrange  only  at  126  -  136°C;  while 
octyloxytrichlorosilane  only  begins  to  rearrange  on  heating  to  boiling  (234°C)  for 
6  hours.  On  heating  guaiaciloxytrichlorosllane,  in  addition  to  the  reaction  given 
above,  the  following  also  takes  place: 


\/ 


-OSiCI, 


The  thermal  rearrangement  of  trlalkoxychlorosilanes  proceeds  according  to  the 
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following  general  reaction: 


2(RO)*SiCI - *  Si(OR),  +  (RO)jSiCI, 

e 

When  heated  2  hours  to  100°C,  triothoxychloro silane  is  7  -  10£  rearranged.  On 
heating  to  boiling  (160°C)  for  6-7  hours,  rearrangement  is  complete,  and  a  certain 
quantity  of  ethyl  chloride  is  also  formed.  Trio  ctyloxychloro  silane  and  triphenoxy- 
chlorosilane  are  sodified  only  slightly  at  100°C  for  6  hours.  In  the  latter  case, 
traces  of  SiCl^  are  also  formed. 

Reaction  with  Phosphorus  oxychloride.  Ammonia,  and  Amines 

Haloesters  do  not  react  with  phosphorus  oxychloride  on  heating  to  175°C.  When 
a  mixture  of  phosphorus  oxychloride  and  ethoxy chlorosilane  is  heated  in  a  sealed 
tube  to  180  -  200° C,  the  following  reaction  takes  place: 

GI^SKOCiH,)^,  SIC!,  +  SiP*OtCI.  4-  C?HSCI 

When  haloesters  react  with  aaetonia,  alkoxyasdnosilanes  are  formed,  for  example 
(Blbl.86): 

(C«H*0)tSiCI|  +  4NH,  -  (C«H,0)lSi(NH1),  +  2NH4CI 

Amines  react  similarly  with  haloesters;  forming  alkoxy- substituted  aminosilanes 
(Bibl.98): 


(C,H,O)(CfHj0)(CH,O)SiCI  +  2NH,C,H,  - 

.  -  (C,  H  tO)(C,H ,0)(CH,0)SiNHC,H  j  +  C,H,NH,HU 

Reaction  with  Al^ chloride 

Haloesters  of  orthosilicie  acid  react  actiTely  with  aluminum  chloride,  split¬ 
ting  off  alkyl  chloridss,  only  catalytic  quantities  of  aluminum  chloride  being 
sufficient  for  the  decomposition  of  the  haloesters.  Stokes  (Bibl.75)  who  studied 
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this  process  in  detail,  gives  the  following  mechanism  of  reaction  for  ethoxychloro- 
silane : 


CISi(OC,H,),  +  MCI,  —  -  >  SiO,  +  CsH4CI  +  (C,H-,)20  -f  AICI, 

/iCI,SiOC.h,  -4"  flAICI,  (SiOCI,)^  -f*  rtCgHjCI  -p  nAICI, 

CljSi(OC2H5)2  +  AICI#  ^  Sj Os  4"  2C0H5CI  4*  AICI® 

On  the  basis  of  the  hypothesis  first  expressed  by  Mendeleyev  (Bibl.99)  that  oxygen 
compounds  of  silicon  tend  to  form  polys iloxanes,  Stokes  correctly  postulates  that 
the  compound  (SiOCl2)n  is  not  by  any  means  a  monomer,  but  is  a  complicated  complex 
of  polychlorosiloxanes.  He  postulates  the  following  mechanism  of  their  formation: 

CI,SiOC,H5  +  AICI,  =>  CIjSiOAlCI,  +  C,H,CI 
U,SiOAICl.  +  CjH,OSiCI»  =  CI,SiOSiCI5(OC,H4)  +  AICI, 

Cl.SiOSiCl-fOQH,)  -f  AICI,  =  CI,SiOSiCI,(OAICI2)  +  CjH.Cl 
Cl^iOSiCI^OAICl,)  +  C,H,OSiCI,  =  CI,SiaSiCl,OSiCI2(OCiH,)  f  AICI,  e\t. 

The  higher  haloesters  react  less  actively  with  aluminum  chloride.  Trlisoaogrl- 
oxychlorosilane  at  the  boiling  point,  in  the  presence  of  aluminum  chloride,  is  de¬ 
composed  with  the  formation  mainly  of  isoamylene  and  isoamyl  alcohol  (Blbl.12). 
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CHAPTER  V 


SUBSTITUTED  ESTERS  OF  ORTHOSILICIC  ACID 


The  alkyl- ( aryl ) - sub st  it  ut  ed  eaters  of  orthosilic  acid  are  one  of  the  most  im¬ 
portant  classes  of  organosilicon  compounds,  since  they  are  intermediates  in  the  syn¬ 
thesis  of  a  number  of  technically  valuable  polyorganosiloxanes.  The  first  represent¬ 
atives  of  this  class  of  compounds  were  prepared  as  long  ago  as  the  1870’s,  but  the 
wide  utilization  of  the  substituted  esters  took  place  only  during  the  last  decade,  in 
connection  with  the  result  of  work  by  Soviet  investigators,  which  led  to  the  synthe¬ 
sis  of  high-polymer  products  which  are  of  great  technical  value  (Bibl.l). 

The  substituted  esters  are  products  of  the  replacement  of  one,  two,  or  three 
allanqr  groups  in  the  molecule  of  an  ester  of  orthosilicic  acid  by  organic  radicals. 
The  following  are  distinguished: 

1.  Mono-substituted  esters,  allqrltrialkaxysiloxanes  RSi(OR’)^. 

2.  Di-substituted  esters,  dialky ldialkoxysilanes  R^SiCOR')^. 

3*  Tri-sub stituted  esters,  trialky  la  lkoxysilanes  R^SiOR*. 

In  the  overwhelming  majority  of  chemical  reactions,  and  especially  on  hydroly¬ 
sis,  the  organic  radical  connected  with  the  silicon  atom  is  preserved.  The  hydro¬ 
lysates  of  compounds  of  the  first  type  therefore  belong  to  the  trifunctional  mono¬ 
mers,  compounds  of  the  second  type  to  the  difunctional  monomers,  and  those  of  the 
third  type  to  the  monofunctional  monomers. 
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METHODS  OF  PREPARATION 


There  are  three  principal  methods  of  preparing  substituted  esters. 

1.  Replacement  of  the  alkoxy  or  aryloxy  groups  in  full  esters  or  of  the  halogen 
in  halo-esters  of  orthosilicic  acid  by  organic  radicals,  by  the  action  of  organozinc 
compounds  and  sodium. 

2.  Replacement  of  the  alkocqr  groups  in  full  esters  or  of  the  halogen  in  halo 
esters  of  orthosilicic  acid  by  organic  radicals,  by  the  action  of  organomagnesium  or 
organolithium  compounds. 

3.  Esterification  of  alkyl-(aryl)-chlorosilanes  by  alcolols  or  ethylene  oxide. 
Replacement  of  Alkoxy  Groups  by  the  Action  of  Organozinc  Compounds  and  Sodium 

The  substituted  esters  of  orthosilicic  acid  were  first  prepared  as  a  result  of 
the  reaction  of  esters  or  halo-esters  or  orthosilicic  acid  with  organozinc  compounds 
and  metallic  sodium. 

After  Butlerov  (Bibl.2)  had  first  prepared  organozinc  compounds  in  the  I860 » 3 
and  had  performed  a  large  number  of  synthesis  of  organic  preparations  by  their  aid, 
Ladenburg  (Bibl.3)  successfully  used  diethylzinc  and  dimethylzinc  to  prepare  substi¬ 
tuted  esters  of  orthosilicic  acid.  The  reaction  proceeds  readily  in  a  sealed  tube 
in  the  presence  of  metallic  sodium,  according  to  the  formula: 

2Si(OC,ll»),  +  (<:,ll,);Zn  +  2Na  2r,l l,Si((X :„l  Is):,  Vm  +  '2(  all,()N,t 

A  similar  reaction  takes  place  with  the  halo-ester  of  orthosilicic  acid: 

2(;iSi(<X +  M.jl  I*IjZii  +  2\;i  2<;.,llr,Si((X:,il,i,  +  ■/.»  +  2Nn<  I 

The  replacement  of  the  second  alkoxy  group  is  difficult,  and  takes  place  on  re¬ 
peated  treatment  with  alkylating  agents: 

2CtH,Si((X.]H|),  +  ((.jIUN/n  •  2\.i  2((-:iU),Sif(X..<lls)x -|-  Zu  •+■  2(.jH-,*^N,i 

The  product  of  substitution  of  three  alkoxy  groups,  which  is  formed  in  insig- 
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nif leant  amounts,  has  also  been  isolated: 


2(CjHi)JSi(()C:tll,>,  +  (CjII»)sZii  +  2N;i  - >  2«...II5|-,Si<H:.IIj  4-  Zn  4-  ...I  I, ON., 

Tetramethojgrsilane  (Bibl.4)  reacts  similarly. 

The  action  of  dimethylzinc  on  tetraethoxysilane  was  used  by  Ladenburg  to  pre¬ 
pare  methyltriethoxysilane  (Bibl.4). 

The  synthesis  of  substituted  esters  by  the  reaction  of  halo-esters  or  esters  of 
orthosilicic  acid  with  an  alkyl  halide  and  metallic  sodium  is  of  a  certain  interest: 

(CfHsO)aSiri.  -4  l\a  4-  *yi,Br  - *  (C.1  U  >),.Si((  ,|  l.,i,  4.  2Na(  I  +  2N»Hr 

With  halo-esters,  the  reaction  proceeds  at  room  temperature,  but  with  esters  of  orth¬ 
osilicic  acid  the  reaction  is  conducted  at  temperatures  above  the  melting  point  of 
sodium: 

Si(0<:..H,>,  4  2Nn  4-  UN  - *  U  )i  ..II,).,  +  \a\  -r  < 

Preparation  of  Isoaryltrimethoxysilane  (Bibl.5).  1.  To  a  mixture  of  46  -  of 

sodium,  150  g  of  tetramethoxy silane  and  300  g  of  toluene,  151  g  of  isoaryl  broriie  is 
added  under  energetic  stirring;  the  mixture  is  then  held  at  the  boiling  point  of  the 
solvent  for  30  minutes.  It  is  then  cooled,  filtered,  and  rectified.  The  isoar.yltri- 
ethoxysilane  is  collected  at  167  -  168°C.  Its  yield  is  39 of  theoretical,  diiso- 
airyldimethoxysilane  boils  at  108  -  110°C  (20  mm);  its  yield  is  25  of  theoretical. 

Phenyltrimethoxysilane,  ethyl-  and  hexylethoxysilanes  are  prepare  1  similar ly. 

2.  By  a  different  method  (Eibl.6),  isoaryltrimethoxysilane  is  prepare l  in  the 
following  way.  A  mixture  of  21.5  3  of  3igl;  and  57  3  of  tetramethoxysilane  i3  heat¬ 
ed  until  the  boiling  point  becomes  constant  at  87°0.  To  the  mixture  152  g  of  tetra- 
methoxy silane  is  added,  then  23  3  of  sodium,  and  the  mixture  is  again  heated  some¬ 
what  above  the  melting  point  of  sodium  for  2  to  4  hours.  Then  75«5  g  of  isoamyl 
bromide  is  added  to  the  mixture,  after  which  it  is  again  heated  5  hours;  the  blue 
residue  is  filtered  off,  and  the  filtrate  is  distilled,  giving  isoamyltrir.ethoxy- 
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silane,  in  yield  of  /*£  g* 

Under  the  same  conditions  a  mixture  of  15  g  of  trimethoxychlorosilane,  30/*.  g  of 
tetramethoxysilane,  /*6  g  of  metallic  sodium,  and  51  g  of  isoamyl  bromide  is  reacted, 
forming  93*5  g  of  isoanyltrimethoxy silane  and  14  g  of  diisoanyldimethoxysilane.  The 
reaction  is  accelerated  in  the  presence  of  2  -  10%  of  ethyl-acetate  or  of  isoanylal- 
cohol.  Toluene  or  xylene  are  used  as  solvents. 

Synthesis  of  Phenyltricyclohexyloxy silane.  A  mixture  of  66  g  of  tricydohexyl- 
oxychlorosilane  and  19.5  g  of  chlorobenzene  is  added  with  stirring  to  a  mixture  of 
8  g  of  sodium  and  80  g  of  ethyl  ether.  A  vigorous  reaction  begins  at  room  tempera¬ 
ture  in  15  to  30  minutes.  After  the  completion  of  the  exothermic  stage  of  the  reac¬ 
tion,  the  mixture  is  heated  to  boiling  point  for  5  hours,  after  which  the  reaction 
product  is  filtered  and  distilled  under  reduced  pressure;  boiling  point  252  -  253°C 
(13  nm).  The  yield  is  QO%  theoretical. 

Replacement  of  Aligner  Groups  by  the  Action  of  Or ganomagne slum  and  Organolithium 
Compounds 

The  difficulty  of  working  with  the  explosive  organozinc  compounds  forced  a 
search  for  other  methods  of  preparing  substituted  esters.  The  following  step  in  this 
direction  was  taken  by  Khotinskiy  and  Serezhenkov  (Bibl.7),  who  in  1908  first  used 
organomagnesium  compounds  in  ether  for  the  synthesis  of  substituted  esters. 

Si(OC,H»),  +  RX  v  .Mg - *•  RSi(OC,I!,),  +  C,H,O.MgX 

By  this  method,  alkyl-substituted  esters  and  a  number  of  aryl-substituted  esters 
were  prepared:  phenyltriethoxy silane ,  xylyltr iethoxy silane ,  and  a  -  and  0  -  napth- 
yltriethoxysilanes.  These  investigators  did  not  succeed  in  obtaining  di-  or  tri- 
substituted  esters,  and  therefore  they  reached  the  incorrect  conclusion  that  only 
mono-substituted  esters,  RSi(OR’)^#  could  be  obtained  by  the  aid  of  organomagnesium 
compounds. 

In  1938  I  found  (Bibl.l)  that  the  reaction  of  formation  of  the  organomagnesium 
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compound  could  be  conducted  without  use  of  ether;  as  a  catalyst  I  used  the  ethyl  es¬ 
ter  of  orthosilicic  acid  instead.  This  facilitated  the  conduct  of  the  synthesis  on 
a  large  scale.  I  was  able  to  prove  (Bibl.8)  that  by  selecting  proper  conditions  the 
process  proceeds  with  high  yield;  and  not  only  one  but  two  or  three  alkoxy  groups 
could  be  substituted. 

The  reaction  product  is  a  mixture  of  mono-,  di-,  and  tri-substituted  esters  of 
orthosilicic  acid.  The  ratio  between  them  depends  primarily  on  the  proportions  be¬ 
tween  the  starting  reagents. 

The  process  may  be  conducted  either  in  one  stage  or  in  two.  In  the  latter  case, 
by  the  action  on  magnesium  turnings  of  a  mixture  of  an  alkyl  halide,  a  diluent  (ben¬ 
zene,  toluene,  or  xylene)  and  catalytic  quantities  of  tetraethoxy silane,  the  organo- 
magnesium  compound  is  prepared.  The  organomagneslum  compounds  so  formed  is  is  used 
for  the  reaction  with  the  ester  of  orthosilicic  acid. 

The  single-stage  method  of  synthesis  is  more  convenient,  primarily  because  it 
makes  it  possible  easily  to  direct  the  reaction  towards  the  formation  mainly  of  the 
product  of  the  degree  of  substitution  that  is  required. 

Preparation  of  Bthyltriethoxvsilane  (Bibl.9).  Synthesis  in  one  stage.  Into  a 
carefully  dried  3*-necked  flask,  provided  with  a  thermometer,  a  seal  and  stirrer,  a 
reflux  condenser,  and  a  dropping  funnel,  12  g  of  magnesium  turnings  are  placed.  A 
mixture  consisting  of  6 4  g  of  ethyl  bromide  and  104  S  of  tetraethoxysilane  is  then 
gradually  added  to  the  flask  from  the  dropping  funnel.  The  addition  takes  3  to  4 
hours,  with  continuous  stirring  of  the  reaction  mass.  Usually,  when  the  first  drops 
of  the  mixture  are  added,  an  exothermic  reaction  begins,  and  in  order  to  maintain  the 
necessary  temperature  (48  -  50°C)  of  the  reaction,  the  reaction  must  be  conducted 
under  cooling.  At  the  end  of  the  addition  of  the  mixture,  the  flask  is  slightly 
warmed  on  a  water  bath.  After  adding  all  the  mixture,  the  reaction  mass  is  heated 
3  to  4  hours.  The  liquid  is  then  aspirated  into  a  flask  for  distillation  and  is 
fractionated.  The  diethyldiethoxysiloxane  is  collected  at  155  -  158° G,  and  the 
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ethyltriethoxy  silane  at  158  -  161°C.  The  yield  of  ethyltriethoxysilane  is  61$  of 
theoretical. 

Synthesis  in  two  stages.  In  a  flask  provided  with  a  stirrer,  reflux  condensor, 
thermometer  and  dropping  funnel,  12  g  of  magnesium  turnings,  1.5  ml  of  tetraethoxy- 
silane  (as  a  catalyst)  are  placed,  and  34  g  of  ethylbromide  are  added  dropwise.  The 
reaction  is  exothermic.  Under  cooling,  a  mixture  of  30  g  of  ethyl  bromide  and  50  g  of 
xylene,  toluene,  or  benzene  is  added  to  the  contents  of  the  flask.  To  complete  the 
reaction,  the  contents  of  the  flask  are  heated  to  40°C  for  1  to  l£  hours.  The  reac¬ 
tion  mass  is  then  cooled,  and  104  g  of  tetraethoxysilane  is  gradually  added  to  it. 

To  complete  the  reaction,  the  mixture  is  then  heated  3  hours.  The  liquid  is  distil¬ 
led  off  and  is  then  rectified.  The  yield  of  ethyltriethoxysilane  is  58  g,  that  is, 
60.4$  of  theoretical. 

If  the  object  of  the  synthesis  is  to  prepare  diethyldiethoxy silane  or  diemethyl- 
diethoxysilane ,  the  number  of  mols  of  the  alkylating  agents  (magnesium  and  ethyl  bro¬ 
mide)  per  mol  of  tetraethoxysilane  oust  be  correspondingly  increased,  and  the  heating 
after  introduction  of  the  mixture  must  be  intensified.  In  addition,  larger  amounts 
of  solvent  must  be  used,  since  the  relative  quantity  of  the  residue,  ethoxymagnesium 
bromide,  will  be  greater. 

It  has  been  found  that  the  substitution  of  three  alkoxy  groups  proceeds  with 
considerably  greater  difficulty.  Prolonged  heating  is  usually  necessary  to  complete 
the  reaction. 

Preparation  of  trimethylethoxrsilane  (Bibl.10).  Into  a  solution  of  28  mols  of 
methylmagnesium  bromide  in  12  liters  of  ethyl  ether  at  a  temperature  not  above  10°C, 
8.7  mols  of  tetraethoxysilane  are  poured  over  a  period  of  30  minutes.  The  mixture 
is  then  warmed  for  an  hour  at  the  boiling  point,  and  the  trimethylethoxysilane  is 
then  separated  by  extraction,  followed  by  rectification.  The  reaction  mixture  may 
be  subjected  to  hydrolysis.  In  this  case  the  ethyl  ether  is  first  distilled  off; 
next  70  ml  of  concentrated  sulfuric  acid  is  added  to  the  residue,  the  mixture  is 
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poured  onto  ice,  and  the  organic  layer  is  separated,  dried,  and  fractionated,  yield¬ 
ing  381  g  of  hexamethyldisiloxane,  which  is  54$  of  theoretical. 

Trimethylethoxysilane  may  be  prepared  in  78$  yield  by  passing  gaseous  methyl 
chloride  through  a  solution  of  dimethyldiethoxysilane  in  ethyl  ether,  mixed  with  mag¬ 
nesium  shavings  (Bibl.ll). 

We  have  pointed  out,  above,  the  relative  simplicity  and  convenience  of  conduct¬ 
ing  the  synthesis  of  triethylethoxysilane  in  a  single  stage,  without  using  ethyl 
ether. 

Preparation  of  Triethylethoxysilane  (Bibl.12).  In  a  12-liter  flask,  a  solution 
of  22  mols  of  ethylmagnesium  bromide  in  10  liters  of  ethyl  ether  is  placed.  Into 
the  flask,  over  the  period  of  1  hour,  1450  g  (7  mols)  of  tetraethoxysilane  is  intro¬ 
duced.  The  mixture  is  left  there  for  1  hour  with  stirring,  after  which  the  ether  is 
distilled  off  and  the  residue  (to  complete  the  alkylation  reaction)  is  heated  on  a 
water  bath  for  12  hours.  The  triethylethoxysilane  can  then  be  separated  by  extrac¬ 
tion  and  rectification,  or  it  may  be  hydrolyzed  instead. 

For  hydrolysis,  the  reaction  is  poured  onto  a  mixture  of  ice  and  sulfuric  acid, 
the  product  is  extracted  with  ether,  and  the  ether  extract  is  poured  under  cooling 
into  a  flask  containing  1.5  liter  of  sulfuric  acid;  the  organic  acid  is  dried,  and 
the  hexaethyldisiloxane  is  separated  by  rectification.  The  yield  is  753  g,  or  66$ 
of  theoretical. 

To  prepare  chemically  F«re  ethylethoxysilanes,  the  reaction  products  are  separ¬ 
ated  on  a  rectification  colunai  (with  not  less  than  25  theoretical  plates)  good  re¬ 
sults  are  obtained  by  rectification  on  a  column  1  m  high  and  12  mm  in  diameter, which 
is  packed  with  single-turn  helices  1.2  m  in  diameter  (of  0.2  ran  nichrome  wire).  The 
column  should  have  a  reflux  ratio  of  50  to  100.  The  triethylethoxysilane  is  collect¬ 
ed  at  152  -  153°C,  the  diethyldiethoxysilane  at  155  -  156°C,  and  the  ethyltriethoxy- 
silane  at  158  -  159°G.  The  silicon  content  and  number  of  ethoxy  groups  after  Zeisel 
are  determined  in  the  products. 
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By  a  similar  method  (without  using  ethyl  ether),  butyl-  and  methyl-substituted 
esters  may  be  prepared.  The  process  is  conducted  (Bibl.13)  either  under  atmospheric 
pressure  or  in  a  bomb  under  a  pressure  of  about  6  atm.  The  conduct  of  the  process 
under  pressure  gives  no  serious  advantages;  thus,  for  example,  in  the  synthesis  of 
butyl-substituted  esters,  about  the  same  yield  is  obtained,  whether  the  reaction  is 
conducted  under  pressure,  or  without  pressure. 

Dimethyldiethoxy silane  and  met hyltr i ethoxy s ilane  are  obtained  in  the  ratio  of 
'<!  :  1  from  tetraethoxysilane ,  magnesium,  and  methyl  chloride. 

A.V.Topchiyev  and  his  associates  have  described  the  synthesis  of  alkoxy  deriva¬ 
tives  of  substituted  silanes  (Bibl.14).  Under  the  action  of  phenylmagnesium  bromide 
on  tetraethoxysilane,  phenyltriethoxysilane  was  obtained  (Bibl.15).  Prom  hexachloro- 
methylenedisilane,  under  the  action  of  alcohols ,  hexaalkoxymethylenetrisilanes  have 
been  obtained  (Bibl.14). 

Hexachloroethylenedisilane  forms  hexaalkoxyethylenedisilanes  with  alcohols: 

Cl.nSiCH;CH,-Siar,  -  WIHI  <RO),SiCI ljCHjSi(OH|n  4-  fiHCI 

Phenylacetylenetriethoxysilane  has  been  prepared  by  the  reaction  (Bibl.16) 

.0r 

C,H,C=CMgBr  +  Si<OCsH,)*  ~  *  C,H,CECSi(OC,H,),  +  Mg/ 

Andrianov  and  Kamenskaya  have  synthesized  unsaturated  substituted  esters 
(Bibl.17). 

Preparation  of  Allyltriethoxysilane.  To  24  g  of  magnesium  and  5  g  of  tetraeth¬ 
oxysilane,  a  mixture  of  121  g  of  allyl  bromide  and  208  g  of  tetraethoxysilane  is  ad¬ 
ded  dropwise.  The  reaction  mixture  is  then  heated  3  to  4  hours  at  100  -  110° 3.  The 
liquid  is  distilled  off  and  rectified,  yielding  112.5  g  (55. 1^)  of  allytri ethoxy- 
silane.  The  synthesis  of  allyltriethoxysilane  from  tetraethoxysilane,  allyl  chlor¬ 
ide  and  magnesium  is  conducted  similarly.  Yield  50$. 

Vol f nov  and  Reutt  have  studied  the  process  of  preparation  of  phenylacetylene- 
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substitute  esters: 


tQHjC^CMgBr  +  Si(CX;,H,^  -  --  (QH.C^QjSKOCjH,)^  ;  x(.»H,OMgBr 

Preparation  of  Phenylacetylene-substituted  Esters.  Ethylmagnesium  bromide  is 
prepared  by  the  action  of  154  g  of  ethylbromide  on  36  g  of  magnesium  in  the  presence 
of  5  g  of  tetraethoxysilane.  A  solution  of  152  g  of  phenylacetylene  is  then  intro¬ 
duced  into  the  reaction  flask,  and  the  same  amount  of  xylene.  The  mixture  is  heated 
3  hours.  The  reaction  mixture  is  cooled,  325  g  of  tetraethoxysilane  is  added  to  it, 
and  it  is  then  heated  for  3  hours.  The  liquid  is  then  decanted  and  rectified  under 
reduced  pressure.  The  yield  of  phenylacetylene  triethoxysilane,  boiling  point  I4.I  - 
14 2° C  (6  mm)  is  ’J&t  of  theoretical.  A  certain  quantity  of  diphenylacetylene- 
diethoxysilane  is  also  formed. 

Volfnov  and  Rsutt  noted  that  phenylacetylene  is  capable  of  reacting  directly 
with  tetraethoxysilane: 

Si(OCjI  I,),  +  e:,H*C=CH  -  '  <;,H,C=CS!<OCsll,),  C.H.Oll 

This  reaction  is  not  typical  and  takes  place  only  caring  to  the  exceptional  mo¬ 
bility  of  the  hydrogen  atom  located  around  the  triple  bond  in  the  phenylacetylene. 
The  end  product  of  the  reaction  is  a  resin  which  is  formed  by  the  polymerization  of 
the  phenylacetylenetriethoxy silane. 

The  replacement  of  alkoxy  groups  by  two  or  three  different  organic  radicals  may 
be  accomplished,  either  by  direct  alkylation,  with  separation  of  the  individual  in¬ 
termediate  alky lalkoxy silanes ,  or  by  successive  treatment  of  tetraethoxysilanA  with 
two  different  organomagnesium  compounds.  In  some  cases  it  is  convenient  to  conduct 
the  reaction  even  by  acting  on  tetraethoxysilane  with  magnesium  and  a  mixture  of 
alkyl  halides  in  a  solvent. 

Preparation  of  Methyldlisoprcpylethoxysilane  (Bibl.18).  Into  a  solution  of  1.3 
mols  of  propylmagnesium  chloride  in  500  ml  of  ethyl  ether,  104  g  of  tetraethoxy- 
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silane  is  poured.  The  mixture  is  stirred  45  minutes  at  room  temperature,  and  then 
for  8  hours  at  the  boiling  point;  it  is  then  cooled,  0.6  mol  of  methylmagnesium 
chloride  dissolved  in  250  of  ethyl  ether  is  added,  and  the  mixture  is  then  heated 
again  4  hours  at  the  boiling  point.  The  methyldiisopropylethoxysilane  is  separated 
by  extraction  followed  by  rectification. 

For  practical  purposes,  the  possibility  of  conducting  the  synthesis,  using  par¬ 
tially  hydrolyzed  tetraethoxysilane ,  has  a  certain  amount  of  interest,  since  it  is 
relatively  cheap.  The  partially  hydrolyzed  tetraethoxysilane  is  prepared  by  ester¬ 
ification  of  SiCl^  by  95$  ethyl  alcohol,  without  subsequent  distillation  of  the  re¬ 
action  products  (Bibl.19) • 

To  ethylmagnesium  bromide,  prepared  by  pouring  a  mixture  of  1308  g  of  ethyl  bro¬ 
mide  and  4  liters  of  ether  onto  288  g  of  magnesium,  560  g  of  partially  hydrolyzed 
tetraethoxysilane  is  added  over  a  period  of  4  hours,  under  cooling.  The  reaction 
product  is  then  hydrolyzed  by  pouring  it  onto  ice;  the  solvent  is  distilled  off,  and 
the  liquid  polysiloxanes  obtained  after  completion  of  the  hydrolytic  process  is  dis¬ 
tilled  under  reduced  pressure. 

The  synthesis  of  substituted  esters  with  complex  organic  groups  by  the  action 
of  organomagnesium  compounds  is  sometimes  not  possible;  in  this  case,  organolithium 
compounds  must  be  used  instead. 

On  reaction  of  tetraethoxysilane  with  3*5  equivalents  of  isopropyllithium  in  a 
solution  of  petroleum  ether,  the  reaction  is  completed  on  heating  the  mixture  at 
boiling  point  for  24  hours. 

SI(OC,H,),  +  3C,H,Li - ►  3C^H,01.i  +  (C,H,),SiOC,H, 

The  yield  of  triisopropylethoxysilane  is  78$  of  theoretic  ail  (Bibl.20). 

The  following  compounds  have  been  prepared  in  high  yield  by  this  method 
(Bibl.21): 

C,H,Si(OC,H,),  CH,(C,H,)Si(OC,H,):, 

n*(CHs)|NC,H«Si(OCtl  I,),  n-CH#C,H«Si(OC,H,);, 
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0.o*(CH|)fC|H|Si(OCtH|)i  /».C,H»CtH*SI(0(;,H»)., 

n-NHlC»H«Sl(OC|H»)a  (HOCHtC.1  !«)*SI(OC,l  l»)» 

The  lower  aliphatic  lithium  alkyl  react  readily  with  tetraethoxy silane  to  form 
high  yields  of  either  substituted  esters  or  tetraalkylsllane  (Bibl.22).  When  tetra- 
ethoxysilane  reacts  with  branched  lithium  alkyls,  the  steric  factor  exerts  consider¬ 
able  influence,  and  it  is  usually  not  possible  to  obtain  tetra-substituted  silanes 
by  using  such  compounds.  For  example,  when  isoprojy lithium  is  used  in  the  reaction 
given  above  (Bibl.20),  tetraisopropylsilane  is  not  formed. 

Under  the  action  of  lithium  alkyls  on  substituted  esters,  substituted  esters 
containing  unlike  radicals  attached  to  a  single  silicon  atom  may  be  prepared. 

Preparation  of  Substituted  Esters  from  Oraanohalosilanes 

The  reaction  of  organoehlorosilanes  with  alcohol  is  the  usual  process  for  ester¬ 
ification  of  an  acid  chloride: 

R*S1CI4_,  +  (4— x)R'OH  •  •  •  R«Si(()R')4_x  +  (4-.*)IK:i 

This  reaction  is  not  fundamentally  different  from  the  esterification  of  Sid. ; 

ti¬ 
the  process  is  distinguished  only  by  its  low  intensity,  while,  for  instance,  the  ac¬ 
tivity  of  organoehlorosilanes  is  lower,  the  higher  the  molecular  weight  of  the  organ¬ 
ic  radicals  and  the  greater  the  rxuaber  of  such  radicals  in  the  molecule.  The  ester¬ 
ification  is  accompanied  by  side  processes;  formation  of  water,  owing  to  the  reaction 
of  HC1  with  the  alcohol,  and  formation  of  polymeric  products  of  hydrolysis. 

KOH  +  IICI  -  -*  *  RCI  +  HiO 
:MrSi<:i,  +  tl/>  -  CIR,Si— O— SiRfCI  -+•  21 ICI 

The  side  reactions  are  of  less  importance  when  butyl  and  higher  alcohols  are 
used,  and  for  this  reason  esterification  with  butyl  or  isobutyl  alcohols  is  in  prac¬ 
tice  the  most  convenient. 

Preparation  of  Methvlbutoxysilanea  (Bibl.23).  To  a  mixture  consisting  of 
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3.32  kg  of  iimethylchlorosilane  and  0.33  kg  of  methyltrichlorosilane,  5.8  kg  of 
butanol  is  added  over  a  period  of  8  hours.  Then,  to  complete  the  process,  the  mix¬ 
ture  is  heated  to  90°G  until  the  evolution  of  HC1  ceases.  The  reaction  mixture  is 
then  rectified,  giving  dimethyldibutoxysilane,  with  a  boiling  point  of  75$  (10  no), 
in  yield  of  67%  of  theoretical,  and  methyltributoxy  silane,  boiling  point  115°C 
(10  mm). 

In  this  way  a  mixture  of  methylchlorosilanes,  which  is  very  difficult  to  sepa¬ 
rate,  may  be  converted  into  substituted  esters,  after  which  the  individual  products 
can  be  separated. 

’.-/hen  dimethyldichlorosilane  reacts  with  an  equimolecular  quantity  of  butanol, 
iimethylbutoxychlorosilane  can  be  obtained  in  61%  yield  as  the  product  of  partial 

esterification. 

On  the  esterification  of  trimethylchlorosilane  by  butyl,  ethyl,  or  methyl  alco¬ 
hols,  the  separation  of  the  reaction  products  is  difficult  owing  to  the  fact  that 
they  form  azeotropic  mixtures  with  the  corresponding  alcohol.  Thus  (Bibl.24) ,  on 
esterification  of  54  g  of  trimethylchlorosilane  in  100  ml  of  toluene  by  a  solution 
of  20  ml  of  absolute  methanol  in  50  ml  of  pyridine  (to  neutralize  the  HC1  evolved), 
a  mixture  is  formed,  giving  on  rectification  14.5  g  of  an  azeotrope  of  trimethyl- 
methoxysilane  and  methanol  (14  -  16$)  (the  boiling  point  of  azeotropic  mixture  is 
49  -  50° 3;  the  index  of  refraction  n^°  =»  1.3637),  and  7.4  g  of  trimethylmethoxy- 
silane,  with  a  boiling  point  of  56.5  -  56.7°C  (747  non). 

ben  ethanol  is  used  as  the  solvent,  the  yield  of  trimethylmethoxysilane  is  in¬ 
crease!  to  Trimethylethoxysilane  similarly  forms  an  azeotropic  mixture  with 

ethanol  (boiling  point  of  the  azeotropic  mixture  66°C;  refractive  index  n^  * 

1.3'729),  while  trinethylbutoxysilane  forms  an  azeotropic  mixture  with  butanol  (40  - 
44 %)  (boiling  point  of  azeotropic  mixture  111  -  U5°G;  n^®  =  1.3963). 

A  number  of  other  substituted  ethoxysilanes  -  phenyl  (Bibl,25),  propyl,  isoasyl, 
benzyl,  naphthyl  (Bibl.26)  -  have  been  prepared  by  esterification  of  the  correspond- 
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ing  substituted  chlorosilanes  by  ethanol. 

The  water-soluble  esters  are  prepared  by  esterification  of  alkyl- (aryl)-chloro- 
silanes  by  simple  esters  of  glycol:  ec-ethoxyethanol  (Bibl.27).  Esterification  of 
the  alkylchlorosilanes  is  conducted  by  reacting  them  with  an  excess  of  the  alcohol 
at  the  boiling  point  of  the  alkylchlorosilane,  followed  by  boiling  the  mixture  to  re¬ 
move  the  HC1.  The  di-  and  mono-substituted  methoxy  derivatives,  R^iCOC,^  OCII^^ 
and  ESitCCjH,  ar®  usually  completely  soluble  in  water,  while  the  correspond¬ 
ing  ethoxy  derivatives,  f  x>  are  somewhat  less  soluble.  The  aqueous 

solution  remains  transparent  for  half  an  hour,  and  is  only  slightly  hydrolyzed  in  2 U 
hows.  The  presence  of  acid  or  alkali  leads  to  rapid  hydrolysis. 

On  the  reaction  of  esterification  of  organochlorosilanes  containing  a  bromine 
atom  in  the  organic  radical,  this  bromine  does  not  enter  into  the  reaction  (Bibl.28). 

BrO,H«SiCI:,  +  iROI  I  >  BrO.1  l«Si(OR), 

where  R  -  CjH^,  CjH^.  The  yield  is  about  50%. 

To  eliminate  the  side  reactions  due  to  the  evolution  of  HC1,  esterification  is 
conducted  either  in  the  presence  of  neutralizing  agents,  or  in  such  a  way  that  HC1  is 
not  formed  during  the  reaction,  for  example,  by  the  action  of  sodium  alcoholate  on 
alkylchlorosilanes  (Bibl.29): 

R,SiCI4_x  +  (  I— x)<:H,0\r  >  RxSi(OC.II,)4_x  -r  (4-  ONaCI 

Another  method  of  esterification,  without  formation  of  HC1,  is  based  on  the  re¬ 
action  of  the  organochlorosilane  with  ethylene  oxide: 

RxSiCI.  _  +  ( 4 — x)CHjCHjC)  >  RxSi(OCII5aisCI>4_x 

I  _l 

This  process  apparently  takes  place  in  two  stages. 

In  the  first  stage,  which  is  the  rate-determining  stage,  the  HC1  that  is  always 
present  in  certain  quantities  in  alkylchlorosilanes,  adds  to  the  ethylene  oxide: 
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CHjCHjO  -  IICI  HOCH*CH|CI 

i  i 

The  chloro hydrin  formed  in  the  second  stage  esterifies  the  alkylchloroailane , 
which  step  is  accompanied  by  the  regeneration  of  HC1.  Such  a  mechanism  is  in  agree¬ 
ment  with  the  fact  that  the  velocity  of  the  process  is  considerably  increased  in  the 
presence  of  HC1. 

At  the  present  time  the  possibility  of  conducting  a  reaction  in  the  absence  of 
traces  of  HC1  has  not  yet  been  established. 

The  esterification  of  organochlorosilanes  by  ethylene  oxide  is  effected  either 
by  passing  bubbles  of  the  gas  through  the  chlorosilane  at  an  elevated  temperature  in 
a  flask  with  a  reflux  condenser  cooled  by  ice  water,  or  at  elevated  pressure  by  pump¬ 
ing  ethylene  oxide  into  an  autoclave  at  4  temperature  of  about  60°C#  The  reaction 
products  are  rectified  under  reduced  pressure.  The  yield,  as  a  rule,  is  80  -  95 %  of 
theoretical  (Bibl.30). 

The  vinylalkaxysilanes  and  the  vinylary locysilanes  have  been  prepared  by  the  ac¬ 
tion  of  alcohols,  phenol,  methoxyethylene  or  ethylene  chlorohydrin  on  vinyltrichloro- 
silane  (Bibl.31).  It  is  also  noted  that  acetic  anhydride  reacts  with  P-chloroethyl- 
alkoxy silane  to  form  the  compound  CHjOOOSMOR)  ^gCHgCl,  while  propionic  anhydride 
forms  the  compound  CjH^OOOSitOR^Cl^C^Cl.  The  diacetate  can  also  be  prepared. 

On  the  partial  hydrolysis  of  a-chloroethyltrialkooqrsilanes,  di-c-chloroethyl- 
t et raalkoxydi siloxane s  are  formed  (Bibl.32). 

As  has  already  been  stated,  the  reaction  of  an  alcohol  with  SiP^  proceeds  con¬ 
siderably  more  slowly  than  with  Sid^.  The  esterification  of  alkylfluorosilanes 
likewise  proceeds  considerably  more  slowly  than  that  of  aUqrlehlorosilanss. 

When  0.268  mol  of  ethanol  and  0,131  mol  of  phenyldiehlorofluorosilane  react  for 
20  minutes  at  23  -  &0°C,  diethooyphenylfluorosilane  is  formed,  which  indicates  that 
the  activity  of  the  Si-F  bond  on  esterifloation  ie  lower  than  that  of  the  Si-Cl  bond. 
The  esterification  of  alkylfluoroellanet  does  not  as  a  rule  proceed  to  completion. 
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It  is  possible  to  accomplish  this  completion  by  neutralizing  the  hydrofluoric  acid 
formed. 

Preparation  of  Tripropvlethoxysilane  (Bibl.18).  In  70  g  of  absolute  ethanol  3 
g  of  metallic  sodium  are  placed,  and  a  solution  of  21  g  of  tripropylfluorosilane  in 
50  ml  of  petroleum  ether  is  then  added.  The  sodium  fluoride  so  formed  is  washed  away 
with  water;  and  the  product  is  dried  and  distilled.  The  yield  of  unpurified  triprop- 
ylethoxysilane  is  almost  quantitative. 

The  alkyl-(aryl)-bromosilanes  react  like  the  alkly-(aryl)-chlorosilanes.  For 
instance,  dimethylbromosilane  reacts  very  energetically  with  ethylene  oxide  under  a 
pressure  of  2.2  atm.  The  process  is  completed  under  a  pressure  of  5*5  atm,  and  the 
autoclave  is  periodically  cooled  in  a  water  bath.  The  yield  of  dimethyl-di-(8 ,  3  *- 
bromoethoxy )  -  silane  is  48.8  g,  or  (89*).  Methyl-3,  ?’  8",-tri(bromethoxy)-silane  is 
prepared  similarly. 

It  is  convenient  to  use  the  reaction  of  alcoholysis  to  prepare  substituted  es¬ 
ters  with  alkoxy  groups  of  higher  molecular  weight  than  the  ethoxy  groups,  and  also 
with  unsaturated  alkoxy  groups.  The  process  conditions  and  the  catalyst  are  the  same 
as  in  the  reaction,  already  described,  of  alcoholysis  of  esters  of  orthosilicic  acid. 

On  treatment  of  amyltriethoxy silane  with  allyl  acohol,  anyltriallyloxysilane  is 
formed: 

1  jl  li,Si((X';H,),  •+•  3CH;=sCl  ICHjOl  I  -  -  ■  C,II,,Si(OCH?— Cl  I  < :i  ia),  +  3Q!  1,01 1 

Propyl,  butyl,  isobutyl,  and  isoanyl  alcohols,  on  prolonged  heating  with  ethyl- 
or  phenyltriethoxysilane,  form  the  respective  ethyl-  or  phenyl-substituted  esters 

(2ibl.33). 

Preparation  of  Amy  lallyloxy  silanes.  A  mixture  of  46.9  g  of  anyltriethoxysilane , 
69.7  £  of  allyl  alcohol,  and  3  drops  of  SiCl^,  is  heated  in  the  retort  of  a  rectify¬ 
ing  column  for  4  hours,  at  the  same  time  distilling  off  the  ethanol.  Rectification 
of  the  reaction  product  yields  46.9  g  (84*)  of  anyltriallyloxysilane,  having  the 
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melting  point  of  153. 5°C.  When  allyltriethoaysilane  reacts  with  anyl  alcohol,  allyl- 
trianyloxysilane  is  formed  in  yield  of  61$  of  theoretical.  Diamyldiallyloxy  silane  is 
prepared  similarly,  in  yield  81$  of  theoretical  (Bibl.34)> 

Physical  Properties 

The  substituted  ether  esters  of  orthosilicic  acid  are  colorless  liquids  which 
can  be  distilled  under  atmospheric  pressure  without  decomposition.  The  high-boiling 
compounds  are  distilled  under  reduced  pressure.  They  are  readily  soluble  in  alcohol, 
aromatic  hydrocarbons,  chlorinated  hydrocarbons,  ketones,  and  ethers.  They  bum, 
giving  off  a  white  smoke  (suspended  particles  of  Si02).  They  are  not  miscible  with 
water.  Some  substituted  esters  of  orthosilicic  acid  form  azeotropic  mixtures  with 
alcohols  and  aromatic  hydrocarbons. 

Table  40  gives  the  physical  properties  of  monoalkyl-  and  monoaryl-substituted 
esters,  halo-esters  and  anhydrides  of  orthosilicic  acid. 

As  will  be  seen  from  Table  40,  they  are  difficultly  crystallizable  liquids.  Even 
the  high-boiling  products  are  still  difficult  to  crystallize. 

Table  41  gives  the  physical  properties  of  di-substituted  esters,  halo-esters  and 
anhydrides  of  orthosilicic  acid.  Table  43  gives  the  properties  of  t id-substituted 
esters  and  anhydrides  of  orthosilicic  acid. 

CHEMICAL  PROPERTIES 

The  chemical  properties  of  the  substituted  ethers  are  determined  primarily  by 
the  presence  in  their  molecules  of  the  hydrolytically  unstable  Si-OC  bonde.  The  or¬ 
ganic  radical  attached  to  the  silicon  atom  is  preserved  in  most  chemical  reactions, 
and  therefore,  with  respect  to  the  direction  of  the  reaction,  the  substituted  esters 
behave  like  the  eaters  of  orthosilicic  acid  Si(OR)^.  The  presence  of  an  crganic  rad¬ 
ical  attached  to  the  silicon  atom,  however,  gives  the  molecule  of  a  substituted  es¬ 
ter  a  higher  stability  against  the  action  of  chemical  reagents.  The  similarity  and 
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Table  40 

Physical  Properties  of  Mono-Substituted  Esters,  Halo-Esters  and  Anhy¬ 
drides  of  Orthosilicic  Acid 


Nane 

Formul a 

B.P. 

”  1 

Spec, 

Refr. 

'C 

Grav. 

Index 

Bibl. 

1 

df 

n20 

Methyl t  rimethoxy ai 1 ane 
Methy 1 1  ri ethoxyai 1 ane 

Methyl triisobutoxysi lane 

Methyl tri-0-chloroethoxy ail ane 

Methy 1 tri-  3-  bromoethoxyai 1 ane 

Methl  tri  acetoxy  si  1  ane 

Methyl tri -  3-  methoxye thoxy si 1  ane 
Trichloromethyl t r iethoxysi 1 ane 
Vinyl tri- 3- (chloromethoxy)silane 
Vinyl tri- ( 3-methoxyethoxy ) -  si 1 ane 
Vinyltri  *1  ly  loxysi  1  ane 
Vinyl  triiaoenyloxyail  ane 
Vinyl t rihexyloxysi 1 ane 
Vinyl trihexyleneo xyai 1 ane 
Vinyltrihepty loxysil ane 
Vinyl trioctyloxysi 1 ane 
Vinyl triphenoxysi 1 ane 
a-Bromovinyltriethoxyailane 
a-Brxtovinyldinethoxyacitoxysilane 
a-Qilorovinyltriethoxyailane 
3,3-Dichlorovinyltri  methoxyailane 
3-fichlororinyl  triethoxysi  1  ane 


cHjSi(oai), 

CH,Si  (OC,H»):, 

CH,siiooij<;ii(CH,)j):( 

i, ci), 

CH,Si(OCsH«Br), 

CHjSirOCOCH,), 

a-usi  (OCjH,cx:h,), 


i  57 ,2  -•  1,3679  24 

151  0,9383  1.3861  3,67 

141-145  0.938  _  3,67 

115  0,8775  1.4106  23 

( 10  mm) 

137  1,257  1,4562  30 

I  (6  mm ) 

|  131  1,27  _  30 

(I  mm) 

89—94  _  1,407  28, 30 

I  ( 10  sum) 

I  94  1.1677  -  29 

,  (9  mm)  (25°) 

145  l  ,0454  1 .4200  27 

j  1)6  mm  ) 

!  81  1.86601.4320  - 

i  (3  mm) 


CH,— CHSKOCH^HjCIi,  152—153  1,2462  1.4631  Mi 

_  16,5  mm) 


ch,). 


136  j  1.03.36  1,4271  Ml 
i  (5,.>  mm)  I  ] 

j  90,3  0.9435  1,4380,  Ml 

I  ( 7 . 5  mm )  I 


ai,  -(;iisi|ocim;h^:h(<:h,),i,  I  h6.m  io,87.« 1,42321  mi 

j  (6,0  mm)  I 


Cll,»CI)Si(OC,ll,,), 

1  ;i  i«-=ci  ls>i(<  >CiHii), 

I  J  !;•( ,1  ISi((  X.;|  1,.), 
ci  l,*<  :i  isi((  x  ,1 1,.), 


177-  179  0,871911 ,431  |j  mi 
(7.5  mm)  |  1 

■  192-  194  0, OMSo! I  ,437M|  Ml 
(8,0  m«n)  j 

>1-202  (!.M-|«!l.43Mr>1  M| 

(6,0  mm) 

223-  226  |0,Mii39jl  ,43'NI1  mi 
(8,0  mm) 1  1 


Ill*  HSU<*,;II,I: 

2)0,2  1 
(7  mml 

1 .130011  .7017 

Ml 

<  1 (.«<  .BrSiO  X  .3  l-i . 

rj.,:  jl 

(•,■1  mm)  1 

1  . I'.MH  .4325 

Ml 

1*.  1  HrSi((  X  .1 1,1.1  X  ih  11, 

73-  7"  ,  1 

(6  mm) 

,22l'l|l  .4331) 

Ml 

Oil..  <  .<  ISi(<  X  .3 1 ,  > , 

17.7  170  1 

1 ,  )M  mm)  ' 

."1 23J 1  .  4 1 22f 

Ml 

(  U  r-(  |ISi((M  II.,, 

M'4  100 

(10  mml 

-  1  . 442 1 j 

Ml 

<1.4.  CIISi((M„,||.,|. 

103  10.7 

(10  mm  1 

—  1  .4434 

Ml 
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Name 


Formula 


B.P. 

*C 


Refr, 

Index 


Bibl. 


Ethyltrimethoxysilane 

Ethyl triethoxysi lane 

Ethy It rip ropoxy silane 

Ethyl tributoxy si lane 

Ethy 1 tri i sobutoxy si 1 ane 

Ethyltriamyloxysilane 

Ethyltriisoamyloxysilane 

Ethyl tri acetoxysil ane 

Ethyl diethoxy acetoxy si 1 ane 

Ethyldiethoxychlorosil ane 

a, 0- Dichloroethy 1 tr iethoxysi 1 ane 

a, P- Dibromomethy 1  triethoxy ai 1 ane 

a-  Di  bromo-  B-  bromoethy  1  tri  ethoxy- 
si  lane 

0-  Qil  o  roethy  1  dimethoxyp  ropoxy  - 
silane 

P-Qiloroethyldimethoxybutoxy- 

silane 

P-  Qiloroethy  lmethoxydi  p  ropoxy- 
silane 

P-  Chloroethy lmethoxydi butoxy- 
silane 

P-Qiloroethylmethoxymyloxy- 

silane 

P-Qiloroethyldiethoxybutoxy- 

silane 

P-Qiloroethyl  (ethoxy )  dibutoxy- 
silane 

P-Qiloroethyl  dimethoxy  ace  toxysi  1  ane 

P-Qiloroethyldiethoxy  acetoxy¬ 
sil  ane 

P- Qiloroethy  1  dip  ropoxy  acetoxy¬ 
sil  ane 

B-Qiloroethyldibutoxy  acetoxy¬ 
sil  ane 


i  ...ll.-1Sj((x;ii.l), 

( :.i  i5Si((  x  :.,i 

I  ..I  lr,Sl{<  X  |  , 

I  ...I  l-,Sl((  X  , 

'  ,.il,Si(<x  i  m  :i  i<(  1 1  ,i,.| . 

(  -HjSipx 

i  ..ii  .Si(<x  ii,<  ii_.i  :ii|(  ii:i)..|  . 

i  .li  .smx  t  x : i  i  ;i  > j 
<  .3  l-.Sip  X  ,|  1. X  <  X.| 
i  .ll-.SU  lKX 

CHjCICI  K;iSi(OC*H»  )* 
CHtBrCHBrSi(OCtHs), 
CH*Br— (.BrjSifOt  *H»).., 
O4£l-CH,Si(0CH,),(0C,HT) 

cn,ci — c^si(cx;i  i,)*(Oc,h,) 

CH^JI-CI  ljSi((X 

<:H,CISK(X:H,KOC«H,)a 
CHjCI— Cl  ltSi(OCH,),(OC,H„) 
<  :i  M  :i— CH*Si<<x^i  ),)j((X.iH,) 
aijU  -cn^i(<xvi,K(XJ«ii,)j 
aa  i, -a  itSi((x:i  x  xx  :i  i, 

aai* — cHjSi(<x^i  i,),cx:(x:h, 
aciij-  t:HjSi(cx  ,HT),cxxx;ii!l 
aa  I-  •cnlSi((x;4H,Mx:(x:i  i. 


- 1- 

120 
I2i». ti 

— 

.0.974? 

— 

— 

5,4,30 

l.'iK  |V» 

|o,9207 

,0.928 

1 .3853 

9 

9 

202  204 

jo, 896 

1  (22°) 

1 .4017 
(23) 

33.67 

235-  238 

102 

(8  mml 

,0.878 

1.4128 
(24  ) 

69 

28.-. 

0.891 

1,4210 

(23") 

:« 

260—  269 

0.891 

1 .4170 

33.69 

l  r>;* 

(17  mm) 

07— 

(4  mm) 

1.1426 

(25) 

29 

94 

( 1 5  mm  I 

1.-)  1 

1 .020 

1.404 

1 

29 

71 

177-178  —  -  32 

(745  mm) 

112-113  1,44301.4600  32 

(2  mm) 

144,1  1,6637  1.4906  32 

(7  mm) 

102  1,047  1,4176  32 

( 1 8  mm) 

103—105  1.033  1,4206  32 

(10  mm) 

121,6  1.006  1,4296  32 

(18  mm) 

130-132  0.96211,4244  32 

(10  mm) 

128,9  1,029  1,4245  32 

(21  mm) 

116  0,9628  1,4193  32 

( 1 1  mm ) 

137  0.9672  1 .4251  32 

( 1 1  mm) 

96—97  1. 161  1,4211  32 

(9  mm ) 

117  1.079  1.4184  32 

(20  m**«  ) 

!?2  1.052  1,4228)  32 

I  (6,5  mm) 

m  1,018  1.4265  32 

!  (8  mm)  I 
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Name 


Formul a 


3.P. 

*C 


P-Qiloroethyldiamyloxy- 
acetoxysil  ane 

P-Chloroethylnethoxydi acet- 
oxysil  ane 

P-Qiloroethyletlioxydiacetoxy- 
sil  ane 

P-CJiloroethylbutoxydiacetoxy- 

silane 

p- Qiloroethyl dimethoxy ethyl - 
carboxysilane 

P-Qiloroethyldiethoxyethyl- 

carboxysilane 

3-  Oil  oroethy  1  dip  ropoxyethy  1  - 
carboxysilane 
A1  ly  1 1  ri  ethoxysi  1  ane 

Allyltriamyloxysilane 
Propyl  trietlioxysi  1  ane 

Isopropyl  trietlioxysi  lane 
I  sop  ropy  1  tri  acetoxy  si  1  ane 

Butyl  trietlioxysi  lane 

1  sobutyl  trietlioxysi  1  ane 
I  so  amyl  trinethoxysi  1  ane 
Any  1  trietlioxysi  1  ane 

I  so  amyl  trietlioxysi  1  ane 

Hexyl  triethoxy  si  1  ane 
riienyltrimetlioxysil  are 

Phenyl  trietlioxysi  lane 

I’her.yltripropoxysil  ane 
f  henyltriisobutoxysilane 

Phenyl  tri  isoanyloxysil  ane 

I  heny 1 tri - ( ?- chloroethoxy )- 
silane 

Ilienyl  tn-'P-netho  xyethoxy)- 
silane 


ck.ii,.  -cikSi((x:,Jiill).,<x,(x:i i.< 
<ici  r. — <;i  iusi<<  x  ;i  i3)^(  x  :< « ;n,)., 
mci  ;i  ijSi((  x  x  :<  x  :i  i.,)2 
cici  i2— cn:si((  x;  ,i  i7)((x;cx.i  i,)s 
cim  i...-  -ai4si(CH,(  ))2(0<;(m  ,iij) 

M(.H..  Cl  I  .SkC.I  l,( )),(( JC<  x  ;2I  |s) 
Mill.  (  \  USl(<  I  I  ;<))..,(<  X.(X  _.|  I- ) 
<  I  |.j=rCI  |(  .1  |..Sl(<  X  .1 

MI,i=MI(.ll,.Si«X  ,11,,,, 

c;,H, si«x  :,h»), 

l(CH.i)jCI  l|Si((XJ:Hs)( 
|(CH,)jrH|S,(<)COiCH,);, 

';,n„si(<x.4i,i. 

l(CU,)jCI  K.l  lj|bi(UC:l  !»)■, 
KCIInljCMM  IjCiySKOai,), 

<  :.-,l  l|,Si(OCjlls): 

|((:ii,x;iii.ii..<.ii.|Si(ix  :,.i  i.), 

1  «l  l|  ,J>I(CX.}I  lj 
I  ,ll,Si((X  II  ,l  , 

Mlljbipx  .ii,i:, 

l^lljbl,'  «  ,1  l-l;, 

'  „II,S||(X  llj(  ||(,  ll,|,.|; 

1  X  ,1  1 1 1 • . 

*  #1  l}bl((  X  ..ll  |  |(  |  ,  , 

<  „ii5Si(ix:,ii,(X  1 1 ,» 


. — ¥ - 

155,5 

■  . .  1 

1  ,000 

h--  - 

1 .431 1 

32 

( <r>  mm ) 

1 

114  115 

1,190 

1 ,4210 

1  32 

,  (H  mm) 

j  1 19 —  1 20 i 

|  (8  mm) 

1,157 

1  .4243! 

32 

!  115 

1,129 

1  .4241 

32 

,  ( 3  mm) 

i  98  99 

1,124 

1 .4206 

32' 

j  (7  mm  »  ! 

118— 1 19 
(1  1  mm,  j 

1  ,008 

1,4206 

32 

139 

(10  mm)  | 

1  ,035 

. 

1 .4252 

32 

j  175 

0,930 

1,4073 

17.8 

|  100 

0,923 

1 .3952 

8 

j  (50  mm ) 

180,5 

1 1 ,4421 

8 

j  (2  5  mm )  | 

18(1 

0,8528!  1,4076! 

5 

1 

(26“) 

0,8945! 

(26  )  | 

* 

17* 

0,919 

— 

* 

91-92 
'  (3  mm) 

1.1104! 

(25°) 

— 

52 

190-  195  0,873  ' 
191  ; 

1407.4 

* 

192-  1 93  lu.695  [ 
1  !  (29°)  I 

1 ,39701 
(29°) 

1 1 

I8l> 

'  107  108 

0.9I041 

1 .3908 

5 .  > 

. ) 

153,5 

1 .4383 

{ 52  mm  ) 

198  1 

11,890 

1  .  3082 

> 

!  195  -  209  ,i 

I,93I8| 

210  ( 

J  ,894 

1  ,4107' 

•V»^ 

108-  11.5’ 

— 

— 

(•’mm) 

233-  234  ! 

1  ,0133 

.  .  1 

15,21 . 

J2o  j. 

(  1  •>  mm  )  [ 

1  .0055 
(io°: 

25 

192 

1 .0:30  1 

1  .5025, 

t  mm) 

I5(> 

— 

8,5,1' 

( 10  rnm) 

I9ti 

(  18  mm ) 

158 

1  ,2080|! 

1  .  5o77 

( 1  mm ) 

204  1 

1  .0818  1 

1  .  4727] 

'll 

{  1 5  mm) 
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Formul  a 


Phenyl t  ri cyclohexyl oxy- 
silane 

Phenyl  triphenoxysi  1  ane 

Phenyldiethoxyf luorosi 1 ane 

p-Bromophenyl trimethoxy- 
ailane 

p-Broaiophenyl  triethoxy- 
silane 

p-Bromophenyl  trip  ropoxy- 
silane 

p-  Bromopheny 1 1 r i i sobutoxy- 
silane 

p-  Aninophenyl triethoxy - 
silane 

p- Dimethyl  «ni  nophenyl  (li  ethoxy - 
silane 

p-Tolyltriethoxysil ane 

Benzyltriethoxysil ane 


Phenylethynyl triethoxy- 
silane 

2. 4-  Dimethylphenyl  trieth- 
oxysilane 

1. 5- Dimethylphenyltriethoxy- 
silane 

p-Biphenyl triethoxysil ane 
Cyclohexyl triethoxysi 1 ane 


o-PUphthyl  triethoxysi  1  ane 


0-Naphthyltrietlioxysil  ane 
Dodecy 1 1  ri ethoxy s i 1 ane 


1  ill  lsSi«  X  «l  lj):i 
•  :,ii5SiF((x:,ii4i.. 
Br(,l  l4Si(OCI  l:,)a 
Brt^l  l4S,((K,;l  l4), 

Br<  r,l  I  |Si((X.4|  I*), 
\l  1/ I  l4Si((  X  ; 


(CHJ),NC,H«Si(OCVi»), 

CH1QH4Si(0ClH,)s 

CiH.CHlSl(OCtHi), 


C,H.-C=CSi(OC1H,)3 

(CH,),C.H^i(OC1H»):l 

QHtCjH*Si(OC,H»):l 

CtH„Si(OCfH,);, 


C„HTSi(OC,H,);, 


C.*F:MSi(OCtHi):, 


252-253  - 

(13  mm) 

248-250 
'  (13  mm)  ■ 

64—75 

I  (200  mm)  ;  I 

136  I  ,34931 1 .5121 1 
(13,5mm),  j(|6,5e)| 


1,224411.49251  28 
(15,4”)! 


1,1553  t,484f)7i  28 
(16,6°)' 

1,09231  1.47865'  2* 

'( 14.9s): 


I5(i 

:  (12  mm) 
176 

'  ( 14  mm) 

!  191 

!  (14  mm) 

148 

<14  mm  | 


180-182  -  -  21 

(24  mm  ) 

137  -  _  21 

(14  mm) 

245-250  0,8631  — 

253  0,9664  - 

170—175  0,9664  — 

(70  mm) 

141—142  0,986  1,4898  70 

(6  mm)  (22°) 

270  _  _  j  7 

150  -  -  21 

(23  mm) 

210-215  _  _  21 

(13  mm) 

233-234  —  —  h 

(763  mm) 

220-230  1 ,4332  1 ,9330  8 

(718  mm)  (19,5°)  (21c) 

308-320  -  -  7 

(744  mm) 

175  —  _  - 

(15  mm) 

270-273  —  _  7 

(766  mm) 

140-160  -  _  ®) 

(0.5- !  mm) 
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Table  41 

Physical  Properties  of  Di-Substituted  Esters,  Halo-Esters  and  Anhy¬ 


drides  of  Orthosilicic  Acid 


Name 

Formul  a 

B.P. 

ec 

Spec. 

Grav. 

Refr. 

Index 

Bibl. 

df 

ng° 

Cimethyldi ethoxy si lane  1 

(CH,)tSi(OC,liJ).. 

111:  1)4 

0,890 

67,68 

Dimethyldi-(|3-chloroetli- 

(CH,)»Si(OC*H4U). 

(74a  mm) 

213 

0,830 

1,135 

1,4420 

30‘ 

oxy)-silane 

(<^H»)*Si  (OC,H«Br  )* 

(CHi)4i(OC4H,): 

(758  mm) 

Dimetliyldi-  (3-bromoethoxy)- 
silane 

qo 

(25  mm) 
187 

1,4058 

30 

23 

Dimethyldibutoxysil ane 

i 

75 

( 1 0  mm ) 

— 

1,4035 

Dimethylbutoxychloro- 

lCH,)^t(OC4ll,)<.l 

142 

(789  mm  ) 
155—160; 

— 

— 

23 

silane 

(CH,)jSi(OCOCI  1,)- 

1,05 

1,401 

29 

Dimetliyldi  acetoxysi  1  ane 

44-45 

1,0485 

— 

» 

(3  mm) 

(25°) 

1 

Di  methyl di- (P-methoxyeth- 
oxy)-  silane 

203— 204 

0,9663 

1  .4II4| 

27 

Dimethyl di - ( P- ethoxy ethoxy ) - 

(Cl  l:iliSi(OCiM4OC,H4lj 

136 

0,9368 

1 ,4131 

27 

silane 

(  30  mm  ) 

Dimethyl dimethoxy si 1 ane 

1  ®  .»ilfl)*S  i(OCI  l,>- 

128,1 

: 

-- 

8o 

Dimethyldiethoxysil ane 

(t.;l  lo  )-jSi(OC»H»)* 

155-156: 

157,3 
147;  148 

0,8752 

i 

3.71 

Diethylethoxychlorosil ane 

(‘•.«Il5)*Si(OC#H»><  1 

3,71 

8 

Diethyl  diallyloxysil  ane 

|(  .  J  lj)jSi(fX'.,H4); 

70-72 

1,0190 

—  . 

Diethyl diphenoxy  si 1 ane 

1 

i 

(4  mm  ) 

150-152 

(25°) 

68 

Di i sop ropy 1 diethoxy s i 1 ane 

(4  mm) 

Dibutyldiethoxysil ane 

j  «:»Ht)iSi((X^h4), 

186  187 

1,4130 

(25,8) 

8 

Di  i so any  1 dimethoxy si 1 ane 

|(.4I  l,)-Si((XZjl  14)i  ! 

220 

— 

5.8 

i  0  .v  In 

82 

- 

5.8 

I  ' 

( 1 1  mm ) 

.14 

Di  mnyl  di  ethoxy  si  1  ane 

1 

108— no 

(20  mm) 

163 

Diphenyl  diethoxysil ane 

e  .*»i I,)... 

1.4415 

8,34 

t 

(23  mm) 

Diphenyl di- 3- chloroethoxy- 

|( '«l  lj)rSi(<X^H4)... 

302-304. 

217-218 

72 

silane 

(  100  mm) 

Diphenyl  diphenoxy si 1 ane 

(i4ii;,),Si((X,ji  i4i:i)2 

144 

(0,|  mm) 

1 ,2027 

1  ,5510 

30 

Diphenylphenoxychlorosil ane 

190 

(50  mm ) 

73.74 

Di- (phenylethynyl )- diethoxy- 

silane 

l  (<*n$)jSi<<x;4!is)<;i 

253 

(40  mm) 
185 

1  ,001 

1 ,529 

73 

in 

Di- (oxymethylphenyl ) -dieth- 

1 

( 1 2  mm) 

oxysilane 

j  ( <  >h<  :i !./  :„i  i ,  i..s  i  (< 

2(HI  -210 
(15  mm) 
206-207 

■  j 

21 

Dibenzyldibutoxysil  ane 

. 

1 ,5243 

75 

Dibenzyldiphenoxysil  ane 

1  1 

( 10  mm  ) 
230 

1,1 104 

(25') 

1,5922 

68 

(  1  mm) 

(25  ) 
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Name 

Formula 

B.P. 

•c 

Spec. 

Grav. 

df 

Refr. 

Index 

-S' 

Bibl, 

Methylbenzyldi- (3-metho- 

181 

185 

1 ,0i4l 

1 ,4795 

27 

ethoxy)  -silane 

Methyldi-  ( (3-  chloroethoxy )  - 

Cl  l:.SiI  KOCjl  I«CI| 

1  IS 

(18 

mm) 

»6 

mm) 

1  , 1  (143 

1 ,4431 

28,3ii 

silane 

ci  i:,sii  I((x;(x:h:,) 

81C-84 

8(1 

Methyldi  acetoxy  si  1  ane 

(Cl  la)<<-;llj)Si(OC»H 

si: 

( 45  mm) 

140 

1 ,1590 

8(1 

Methylethyldiethoxy- 

«:iU)(Qii3>Si(OC,,H«oau. 

140—152 
( 1 5  mm) 

0  .‘1454 

1 ,4298 

8n 

silane 

ah* 

221  .5; 

— 

— 

21 

Methylphenyldi-  O-metho- 

m  r 
- 1 1 

—  11(1 

V 

ethoxy)-silane 

201 

1.2488 

1,5531 

2* 

Methylpheny ldiethoxysi 1 ane 

(17 

mm) 

jii.tsirorj) 

20(1 

— 

~ 

7(. 

Phenylbromophenyldiethoxy- 

(0,5  mm) 

M.S. 

silane 

ms 

K>4 

Phenylcyclohexyldicyclo- 

• 

hexyloxysil ane 
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Table  42 

Properties  of  Mixtures  of  Certain  Substituted  Esters  of  Orthosilicic  Acid 

with  Alcohols  (Bibl.24*  80) 


Substituted  Esters 

Alcohol 

B  P.  of 
Mixture 
*C 

Refr. 

't 

(□  i3)jSiOCH3 

1  CHjOH 

i  50 

1  1,3637 

UH,OH 

66 

|  1,3729 

/  ■!M.1SiOCH£H(CH,)s 

1  (CH3)tCHCHjOH 

i  hi 

1  1,3963 

M— 16 
40—44 


Table  43 

Physical  Properties  of  Tri-Substituted  Esters  and  Anhydrides  of  Ortho¬ 
silicic  Acid 


Name 

Formul  a 

B.P. 

*C 

Spec. 

Grav. 

Refr. 

Index 

Bibl. 

Of 

•9 

Trinethylmethoxysi  1  ane 

Trimethyletlioxysil  ar.e 
Trine thy lbutoxysil ane 

Trimethyl  -P-chloroeth- 
oxysilane 

Trietliylethoxysiiane 

Triethyl acetoxysi 1 ane 
Tripropy lethoxy si 1  are 
Tripropyl  acetoxysi  1  ane 

Tri  isopropyl  ethoxy- 
si  lane 

Tr  iphenyi acetoxysi 1 ane 


(CII3)3SiOCH3 

57,2 

| 

1,3679 

24 

56,5-56.7 

— 

1,3678 

24 

(CM3)|SiOCjH4  , 

(747  mm) 

75 

|  0,7573 

j 

!  1.3741 

10,24 

r<:n3),Sior«n» 

i  (745  mm) 
123 

1 

124,6 

0,7774 

|  1,3925 

24 

«:i  i,)3SiOc,.i  i, a 

(761  mm) 

1  134,3 

! 

30 

131—132 

0,9443 

1.4140 

30 

(Cjl  lilsSiCXJj.Hj 

153 

0,8414 

3,71 

154 

0.8310  (26,5®) 

1,4714 

24 

(c3i  ijiiSiocoa  u  j 

166 

0,9039 

3,4 

(C.yl  IrlsSiOCal  I,  j 

196-200 

0.8657 

1,4560 

33 

(<:3n»;3Sioc(x;ns  | 

(736  mm) 
212-216 

(13. 6-) 

77 

(((;ii3)jQI|,.SKX'JHl! 

i 

—  | 

0,6657  J 

1,4560 

33 

h4N»)»Sio<:(x:iia  j 

M.r. 

91—92' 

_ 

i 

_  1 

78,79 
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Table  42 

Properties  of  Mixtures  of  Certain  Substituted  Esters  of  Orthosilicic  Acid 

with  Alcohols  (Bibl.24,  80) 


Substituted  Esters 

Alcohol 

B.P.  of 
Mixture 

•c 

££  c 

tLl  l3)sSiOCH3 

CHjOH 

|  50 

|  1,3637 

iCH,),SiOC*H, 

CjHjOH 

66 

i  1,3729 

,i  !!,)nSiOCH^H(CH,)2 

1  (CH*)*CUCHjOH 

!  m 

1,3963 

14—16 


40—44 


Table  43 

Physical  Properties  of  Tri-Substituted  Esters  and  Anhydrides  of  Ortho- 

silicic  Acid 


B.P. 

Spec. 

Refr. 

Name 

Formul  a 

*C 

Grav. 

-1° 

Index 

<9 

Bibl. 

Trinethyimethoxysi  1  ane 

Trimethylethoxysil  ai.e 
Trinethy  1  butoxysi  1  ane 

Trimethyl -“-chloroeth- 
oxysi  1  ane 

Trietliyletlioxysil  ane 

Triethyl acetoxy si 1 ane 
Tripropylethoxysilane 

Tripropyl  acetoxysilane 

Trii sop ropy lethoxy- 
silane 

Triphenyl  acetoxysi  1  ane 


(CiijijSiocHj 

57.2 

| 

1  1,3679 

56,5-56,7 

— 

|  1,3678 

;  (CM,),SiOC,H» . 

(747  mm) 

75 

0.7573 

1,3741 

(C!l,),SiOC«!l, 

(745  mm  ) 
123 

124,6 

<',7774 

1.3925 

(Cll.bSiOQ.I  I4CI 

(76l  mm) 
134,3 

!  _ 

131—132 

0,9443 

1,4140 

(Cj!  l3)j|SiCX^M3 

153 

0.8414 

154 

0,8310  (26,5®) 

1,4714 

1  {Cjii,),Siocoa  i. 

166 

0,9039 

!  (CsHtijSicxyi, 

198  -  200 

0.8657 

1.4560 

(<:Jt!,;JSi(x:(x;n,  j 

(738  mm) 
212-216 

(13,6*) 

K‘:n,)jCii|,Si(x^nJ 

0,8657 

1,4560 

«4H»)»Sio<:(x:ii,  j 

1 

*.r. 

91— 92‘ 
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difference  between  these  two  classes  of  compounds  is  most  distinctly  seen  when  we 
consider  the  reactions  of  hydrolysis. 

Hydrolysis 

The  reaction  of  hydrolysis  of  the  substituted  esters  of  orthosilicic  acid  by  wa¬ 
ter  proceeds  by  a  mechanism  similar  to  that  of  the  hydrolysis  of  esters  of  ortho¬ 
silicic  acid  and  of  silicon  tetrachloride  (cf.page  83).  The  end  product  of  the  hydro¬ 
lysis  of  esters  of  orthosilicic  acid  and  of  SiCl^,  however,  is  an  inorganic  polysil- 
oxane,  silica  gel,  while  the  products  of  the  hydrolysis  of  substituted  esters  are 
polyorganosiloxanes . 

The  intermediate  products  of  the  hydrolysis  and  condensation  of  the  substituted 
esters  of  orthosilicic  acid  were  isolated  and  investigated  by  me  (Bibl.35)  consider¬ 
ably  earlier  than  the  intermediate  products  of  the  hydrolysis  and  condensation  of  the 
esters  of  orthosilicic  acid.  In  investigating  the  hydrolysis  of  the  substituted  es¬ 
ters,  the  mechanism  of  the  high-molecular  organosilicon  compounds  was  established 
for  the  first  time. 

The  velocity  of  the  process  of  hydrolysis  of  substituted  esters  and  of  the  con¬ 
densation  of  the  hydrolysis  products  depends  not  only  on  the  factors  that  have  been 
pointed  out  in  our  discussion  of  the  process  of  hydrolysis  of  the  esters  of  ortho¬ 
silicic  acid,  but  also  on  the  s+~ueture,  size,  and  number  of  the  organic  radicals 
bound  to  <  ne  silicon  atom.  The  presence  of  radicals  reduces  the  velocity  of  the 
hydrolysis  of  the  alkoxy  groups  and  of  the  condensation  of  the  hydrolysis  products. 
This  reduction  is  the  greater,  the  larger  the  number  of  radicals,  and  the  larger 
they  are  in  size.  The  presence  of  large  radicals,  and  also  as  branched  radicals, 
exerts  particularly  great  influence  on  the  rate  of  hydrolysis  and  condensation;  ob¬ 
viously,  in  the  hydrolysis  of  substituted  esters  of  this  type,  the  steric  factor 
plays  a  substantial  role.  The  character  of  the  hydrolysis  product  of  a  substituted 
ester  is  determined  by  the  functionality  of  the  system.  As  we  have  stated,  the  func- 

%2 
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tionality  of  an  individual  substitution  product  is  defined  as  the  number  of  reactive 
Si-OG  bond3.  The  functionality  of  a  mixture  is  a  quantity  intermediate  between  the 
functionalities  of  the  individual  components. ’  For  instance,  the  functionality  of  a 
mixture  of  1  mol  of  diethyldiethoxysilane  and  1  mol  of  triethylethoxysilane  is  1.5* 

In  the  general  case  the  functionality  of  a  system  may  be  found  from  the  formula: 

, .  M  4-  2D  +  3T  +  4Q 
-  '  M  +  D+  T  +  Q' 

where  M,  D,  T,  and  Q  are  the  respective  number  of  mols  of  mono-,  bi-,  tri-,  and 
tetrafunctional  components  in  the  mixture. 

The  higher  the  functionality  of  the  system,  the  higher  the  molecular  weight  of 
the  hydrolysis  products  (for  systems  with  the  same  organic  radicals)  and  the  more 
will  it  in  structure  and  properties  approach  the  hydrolysis  product  of  the  esters  of 
ortho3ilicic  acid,  namely  silica  gel.  The  products  of  the  hydrolysis  of  mixtures  of 
lew  functionality  (up  to  2),  however,  are  low-molecular  liquids  with  physical  proper¬ 
ties  having  nothing  in  common  with  the  products  of  the  hydrolysis  of  esters  of  ortho- 
silicic  acid. 

In  studying  the  mechanism  of  formation  of  organosilicon  polymers,  that  is,  of 
the  polyorganosiloxanes,  the  peculiarities  characteristic  for  the  processes  of  hydro¬ 
lysis  of  compounds  of  different  functionality  must  be  borne  in  mind.  For  this  rea¬ 
son  we  shall  describe  the  processes  of  hydrolysis  of  substituted  esters  of  varying 
functionality:  monofunctional,  bifunctional,  trifunctional,  and  mixtures  of  various 
functionalities. 

Hydrolysis  of  Systems  with  a  Functionality  Less  than  Two 

Under  the  action  of  water  on  monofunctional  subs':  ted  esters  of  orthosilicic 
acid,  only  the  hexaalkyldisiloxane  is  formed: 

R,Si — OR'  4-  U«<>  '  R,Si— Oil  -  R'Olt 

2R3SiOII  RjSiOSiRj  +  1 1.0 


?-:G-?i?i/-.r 
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The  intermediate  products  of  hydrolysis,  trialyhydroxy silanes,  can  probably  be 
isolated  when  the  process  is  run  in  a  weakly  alkaline  medium,  but  the  literature  de¬ 
scribes  only  the  preparation  of  trialky lhydroxysilanes  from  trialky l-(aryl)-chloro- 
silanes,  or  from  the  salts,  silanolates.  The  difficulty  of  preparing  trialkylhydroxy- 
silanes  from  substituted  esters  is  obviously  due  to  the  fact  that  the  presence  of 
three  organic  radicals  attached  to  the  silicon  atom  considerably  reduces  the  mobili¬ 
ty  of  the  alkoxy  groups,  so  that  the  use  of  catalysts,  acid  in  this  case,  are  neces¬ 
sary  for  the  conduct  of  the  process  of  hydrolysis.  The  presence  of  acids  sharply  ac¬ 
celerates  the  process  of  condensation,  so  that  the  principal  reaction  product  is  a 
hexaalkyldisiloxane . 

The  methyl  radicals  weaken  the  mobility  of  the  alkoxyl  group  to  hydrolysis,  but 
only  to  a  minimum  extent.  The  velocity  of  condensation  of  trimethylhydroxysilane  is 
high,  however,  and  on  the  hydrolysis  of  trimethylethoxysilanes  by  water  in  the  pre¬ 
sence  of  Hd  or  sulfuric  acid,  the  reaction  product  is  only  hexamethyldisiloxane 
(Bibl.36). 

The  practical  Importance  of  monofunctional  compounds  is  related  to  their  use  for 
ring-closure  of  polyorganosiloxanes .  The  process  of  preparing  polymers  in  whose  mol¬ 
ecules  the  ends  of  the  siloxane  chains  are  closed  by  monofunctional  groups,  may  be 
accomplished  either  by  catalytic  rearrangement  of  a  mixture  of  hexaalkyldisiloxanes 
and  the  hydrolysate  of  bifunctional  compounds,  or  by  the  cohydrolysis  of  mixtures  of 
monofunctional  compounds  with  bi-  and  trifunctional  compounds,  that  is,  by  hydrolysis 
of  mixtures  with  an  average  functionality  between  one  and  two.  By  varying  the  ratio 
between  the  mono functional  compounds  and  compounds  with  a  larger  number  of  function¬ 
al  groups  (up  to  tetrafunctional),  liquid  polysllaxanes  with  a  longer  or  shorter 
siloxane  chain,  and  having  either  linear  or  branched  structure,  may  be  obtained. 

4 

Polymers  of  linear  structure  are  prepared  by  cohydrolysis  of  a  mixture  of  tri- 
alkylalkoxy silanes  and  dialkyldialkoxy silanes : 


3U 
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'JRjSiOH'  -f  jcR,Si(OR').  +  u  +  l)HtO 


RtSiCKSIRtOJ^iR*  +  (2x  +  2)R'OH 


When  the  ratio  between  the  mono-  and  bifunctional  substituted  esters  is  varied, 
the  total  functionality  of  the  system  may  vary  between  1  and  2.  In  this  case,  the 
average  length  of  the  silozane  chain  of  the  compound  formed  will  vary  accordingly. 

It  must  be  borne  in  mind  that  the  hydrolysis  of  a  mixture  of  two  compounds  of  differ¬ 
ent  functionality  cannot  be  exactly  reflected  by  any  single  chemical  reaction,  for 
instance  that  given  above.  In  all  cases,  as  a  result  of  the  process  of  hydrolysis, 
complex  mixtures  are  formed  containing  linear  compounds  with  silozane  chains  of  vary¬ 
ing  length.  As  the  main  reaction  product,  however,  a  polymer  may  be  obtained  in 
which  the  number  of  silicon  atoms  is  determined  by  the  ratio  between  the  quantity  of 
mono-  and  bifunctional  compounds.  The  number  of  silicon  atoms  in  the  main  compounds 
may  be  calculated.  Into  make  use  of  the  following  reasoning  to  set  up  the  equation. 

Let  us  imagine  that  a  molecule  of  polymer  RjSiO(SiIL^})xSiR^,  obtained  by  the  re¬ 
action  given  above,  is  divided  into  two  equal  parts.  The  number  of  bifunctional 
structural  units  in  each  part,  equal  to  the  ratio  between  the  number  of  bi-  and  mono¬ 
functional  structural  units  in  the  molecule,  will  be  equal  to  the  ratio  between  the 
number  of  mols  of  the  bifunctional  substituted  ester  and  the  number  of  mols  of  the 

monofunctional  substituted  ester,  the  number  of  structural  unite  in  each  part 

H 

of  the  polymer,  will  obviously  be  one  unit  more  than  this  ratio;  while  the  total  num¬ 
ber  of  silozane  units  in  the  polymer  chain  (the  number  of  silicon  atoms)  will  be: 

v  =  2('m"  +  i)  ^ 

where  D  *  number  of  mols  of  difunctional  substituted  esters; 

N  -  number  of  mols  of  monofunctional  substituted  ester. 

In  this  case,  the  equation  for  calculating  the  average  functionality  of  a  sys¬ 
tem  consisting  of  a  mixture  of  mono-  and  bifunctional  compounds,  will  take  the  fol¬ 
lowing  form: 
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or  $ 


(2) 


M  +  2D 
M"+~b~ 


■+S 

<+* 


By  simultaneously  solring  eqs.(l)  and  (2),  the  relation  between  the  number  of  units 
in  the  siloxane  chain  and  the  average  functionality  of  the  system  can  be  found: 


2—0 


(3) 


For  monofunctional  compounds  ($  -  1),  the  solution  of  the  equation  leads  to  the 
result  that  the  number  of  silicon  atoms  in  the  chain  must  be  equal  to  2  -  disiloxane 
is  formed.  When  the  functionality  is  increased,  the  average  number  of  siloxane  units 
in  the  chain  also  increases,  and  for  $  ■  2,  it  is  theoretically  equal  to  infinity. 

As  stated  above,  in  fact  the  actual  product  of  the  reaction  is  a  polydisperse  mixture, 
which  also  contains  cyclic  polymers,  so  that  at  a  functionality  of  this  system  that 
is  close  to  2,  the  actual  average  length  of  the  chain  is  found  to  be  lower  than  the 
calculated  value. 

We  present  an  example  of  the  preparation  of  polymers  of  relatively  low  average 
molecular  weight  (Bibl.37). 


Hydrolysis  of  Mixtures  of  Functionality  Less  than  Two.  1.  A  mixture  of  1393  g 
of  dimethyldiethoxysilane  and  1110  g  of  trinethylethoxysilane  ($  ■  1.5)  is  treated 
for  1  hour,  with  stirring,  with  a  solution  of  7»5  g  of  HaOH  in  25/+  g  of  water  at  a 
temperature  of  AO  -  65°C.  Then  50  ml  of  water  are  added  to  the  mixture,  and  it  is 
heated  under  a  reflux  condenser  at  boiling  point  for  2  hours.  The  ethanol  formed 
-hiring  ti.e  hydrolysis  is  then  distilled  off,  up  to  a  temperature  of  100°C.  The  or- 
gar.osilicon  compounds  entrained  during  this  distillation  are  separated  by  washing 
the  ethanol  with  water,  and  are  returned  to  the  main  mass.  The  mixture  of  siloxanes, 
to  complete  the  hydrolysis,  is  then  treated  at  boiling  point  with  550  ml  of  20%  HC1. 
The  reaction  product  (l/t26  g)  is  washed,  dried,  and  rectified  in  a  rectification 
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column  (1.3  m  high),  packed  with  6  *  0.6  mm  glass  spirals.  During  rectifications,  a 
series  of  individual  polymethyl3iloxanes,  of  the  general  formula 
CH^CDiC where  x  ■  2,  3,  K,  and  5,  are  separated. 

The  residue  in  the  still  after  rectification  amounts  to  only  10^,  and  it3  vis¬ 
cosity  is  low  (12  centistokes). 

Table  gives  the  properties  of  the  products  so  obtained. 

Table  44 

Physical  Properties  of  Linear  Folyr.ethylsiloxanes 


*) 

(*  +  1) 

2  c 

d) 

df  ! 

i 

f) 

20 

nD 

3 

1 52 

•  -86 

i 

1 .04 

! 

u.8182 

1,3822 

4 

192 

-76 

1.53 

ii. 8610 

1 ,387° 

is 

—84 

— 

1,3902 

6 

— 5't 

j  - 

— 

1,3922 

/ 

— 

— 04 

- 

— 

1,3952 

a)  fTumber  of  silicon  atoms  (x  ♦  1);  b)  Boiling  point,  °C;  c)  Melting 
point,  °J;  d)  Viscosity,  centistokes;  e)  Specific  gravity,  d^°,  f)  Re- 

Tractive  index,  n^ 

Entirely  different  products  are  obtained  on  the  hydrolysis  of  mixtures  of  func¬ 
tionality  close  to  two. 

2.  A  mixture  of  288.6  g  of  dimethyldiethoxysilane  and  5*9  g  of  methyltriethoxy- 
silane  (Pibl.37)  ($  *  1.95)  is  treated,  under  stirring,  with  a  solution  of  0.2  g  of 
?TaOK  in  36  g  of  water  for  30  minutes  at  25  -  60°C.  The  mixture  is  heated  to  100°C, 
and  at  the  same  time  the  ethanol  formed  (169  g)  is  distilled  off.  In  order  to  com¬ 
plete  the  hydrolysis,  150  ml  of  20 %  HC1  is  then  added  to  the  mixture,  and  it  is  again 
heated  to  boiling.  The  reaction  product  is  washed  and  dried  over  calcined  CaCl2. 

On  fractional  distillation  up  to  250°C,  under  a  residual  pressure  of  1  om,  the  retort 
residue  amounts  to  123. A  g  (8356  of  the  weight  of  the  product  of  hydrolysis).  The 
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colunn  (1.3  m  high),  packed  with  6  *  0.6  ran  glass  spirals.  During  rectifications,  a 
series  of  individual  polymethyl3iloxanes,  of  the  general  formula 
CH^[3i(  where  x  -  2,  3,  4,  and  5,  are  separated. 

The  residue  in  the  still  after  rectification  amounts  to  only  10^,  and  its  vis¬ 
cosity  is  low  (12  centistokes). 

Table  V t  gives  the  properties  of  the  products  so  obtained. 

Table  44 

Physical  Properties  of  Linear  Polymethylsiloxanes  CH^CSitCH^J^O^SiCH;}^ 


1 

») 

(X  +  1) 

b)  j 

c.  1 

..  _ ± 

e) 

c 

j  <*) 

el 

,20 

“  ! 

j) 

20 

nD 

i 

3  * 

152 

•  -ttc 

1 

1.04 

1 

n.8182 

1,3822 

4 

192 

-76 

1,53 

“.8510 

1,387“ 

5 

—84 

— 

— 

1,3902 

fi 

—5!* 

;  - 

1.3922 

i 

— 

—65 

— 

1 ,3952 

a)  Pumber  of  silicon  atoms  (x  ♦  1);  b)  Boiling  point,  °C;  c)  Melting 
point,  °C;  d)  Viscosity,  centistokes;  e)  Specific  gravity,  d^°,  f)  Re- 

Tractive  index,  n^ 

Entirely  different  products  are  obtained  on  the  hydrolysis  of  mixtures  of  func¬ 
tionality  close  to  two. 

2.  A  mixture  of  288.6  g  of  dimethyldiethoxysilane  and  5.9  g  of  methyltriethoxy- 
silane  (Pibl.37)  (*  *  1.95)  is  treated,  under  stirring,  with  a  solution  of  0.2  g  of 
!TaOH  in  36  g  of  water  for  30  minutes  at  25  -  60°C.  The  mixture  is  heated  to  100°C, 
and  at  the  same  time  the  ethanol  formed  (169  g)  is  distilled  off.  In  order  to  com¬ 
plete  the  hydrolysis,  150  ml  of  20%  HC1  is  then  added  to  the  mixture,  and  it  is  again 
heated  to  boiling.  The  reaction  product  is  washed  and  dried  over  calcined  CaClj. 

On  fractional  distillation  up  to  250°C,  under  a  residual  pressure  of  1  on,  the  retort 
residue  amounts  to  123.4  g  (83%  of  the  weight  of  the  product  of  hydrolysis).  The 
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viscosity  of  the  retort  residue  is  81  centistokes. 

The  above  examples  illustrates  the  possibility  of  preparing  organosilicon  poly¬ 
mers  with  predetermined  physical  properties:  viscosity,  boiling  point,  etc,  by  vary¬ 
ing  the  functionality  of  the  system.  The  reactions  we  have  given  above  allow  prepa¬ 
ration  of  liquid  organosilicon  polymers  containing  various  organic  radicals  and  pos¬ 
sessing  various  degrees  of  viscosity. 

Systems  with  a  functionality  of  less  than  two  may  be  not  only  mixtures  of  nono- 
and  difunctional  compounds,  but  also  mixtures  of  mono-  and  trifunctional  compounds, 
and  even  of  mono-  and  tetrafunctional  compounds  with  the  former  predominant.  The 
products  of  hydrolysis  and  polycondensation  of  such  mixtures  are  polysiloxanes  of 
branched  structure,  which  as  a  rule  have  very  low  freezing  points.  Thus,  for  in¬ 
stance,  it  has  been  proposed  to  prepare  liquids  by  cohydrolysis  of  dimethylphenyleth- 
oxysilane  and  methyltriethoxysilane  (Bibl.38).  The  reaction  products  are  liquid  poly- 
organosiloxanes,  whose  molecules  have  a  side  chain  in  each  structural  unit: 


HR  ,S;(>- 


R' 

-  Si  -  O 


OSiRRj 


S'RR 


In  the  case  where  there  are  not  only  mono-  and  trifunctional  monomers  in  the 
mixture,  but  also  bifunctional  monomers,  the  polysiloxanes  formed  do  not  have  a  side 
chain  in  each  unit  of  the  chain. 

On  the  cohydrolysis  of  an  ester  of  orthosilicic  acid  with  considerable  quanti¬ 
ties  of  monofunctional  compounds  (functionality  of  the  mixture  less  than  two)  in  the 
presence  of  an  acid  or  alkali,  a  series  of  compounds  of  the  general  formula 
SiCOS^CH^gR]^,  have  been  prepared,  whose  properties  are  given  in  Table  45.  The 
products  of  hydrolysis,  together  with  such  compounds,  also  contain  hexaalkyldisilox- 
anes  and  polymers  of  the  general  formula 
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OSi(Cl  lj)»R 

l<(*  :i  l.i)sSiO —  — Si  -  O - — Si(CH,)2W 

(')Si(CI  13)jR 

Froir  the  data  given  in  a  patent  (Bibl.39),  the  compound  so  formed  contains  up  to  !fi 
silicon  atoms  in  the  chain.  They  possess  a  very  low  vapor  pressure,  up  to  0.1  mm  at 
300°C. 

Table  45 

Physical  Properties  of  Certain  Tetratrialkylsiloxysilanes  SifOSitCH^).^]^ 


A) 

b) 

c) 

1  d) 

!  ,20 

1  z 

•(. 

1  i 

j  ''15.0 

1 

L. 

ui* 

91  (9  mm) 

— 

0,875 

i  ,.m 

■jl!-. 

102  (2  mm) 

-45 

0,895 

1,4112 

,11; 

222  (5  mm) 

-62 

,  1,049 

1,5178 

a)  Radical  R;  b)  Boiling  point,  °C;  c)  Melting  point,  °C;  d)  Specific 
gravity,  d£^  e)  Refractive  index,  nD 

The  most  substantial  element  in  the  conduct  of  the  hydrolysis  of  a  mixture  of 
different  organosilicon  compounds  is  the  finding  of  the  optimum  conditions  under 
which  actual  cohydrolysis  takes  place,  and  the  reaction  product  contains  structural 
units  of  different  monoaers  in  a  single  molecule.  If  the  rate  of  hydrolysis  and  con¬ 
densation  of  the  different  compounds  making  up  the  mixture  are  approximately  the 
same,  the  conduct  of  the  cohydrolysis  involves  no  difficulty.  If,  however,  these 
velocities  differ  sharply  under  the  reaction  conditions,  then  the  product  of  the 
hydrolysis  and  condensation  is  not  a  copolymer,  but  merely  a  mechanical  mixture  of 
different  polymers  which  does  not  possess  the  properties  inherent  in  a  copolymer. 

The  finding  of  the  optimum  reaction  conditions  under  which  cohydrolysis  takes  place 
is  therefore  an  important  and  sometimes  a  complicated  problem. 
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Hydrolysis  of  Bifunctional  Compounds  and  Mixtures 


While  a  chemical  formula  that  rather  accurately  reflects  the  possible  processes 
can  be  written  for  the  reaction  of  hydrolysis  and  condensation  of  the  hydrolysis  pro¬ 
ducts  of  monofunctional  substituted  esters  of  orthosilicic  acid,  the  reaction  of  wa¬ 
ter  with  the  dialky ldialkoxy  silanes  proceeds  in  a  manner  considerably  more  compli¬ 
cated. 

A  detailed  study  of  the  mechanism  of  the  reactions  made  by  me  (Bibl.4.0)  has  al¬ 
lowed  me  to  establish  that  the  process  of  hydrolysis  is  accompanied  by  condensation 
of  the  hydroxy  derivatives  to  form  high-molecular  polydialkylsiloxanes. 

On  addition  of  an  insignificant  quantity  of  water  to  a  dialky  ldialkoxysiloxane, 
hydrolysis  of  one  of  the  alkoxy  groups  takes  place: 

RjSi(OR'),  H.0  - R,Si(OR')OH  +  R'oil 

followed  by  the  condensation  of  the  hydrolysis  products. 

2R,Si(OR')On - *•  RfSi(OR')OSiR,(OR')  4  I M  > 

When  more  water  is  added,  the  hydrolysis  and  condensation  continue,  according 
to  the  reaction: 

R,Si(OR 'JOSiR^OR ' )  + 11,0  -  >  R,Si(OR')OSiKjOII  -t-  R'OH 
K^»i(OR')OSiR,OH  +  HOSiR^OR')  -  »  R,Si(OR')OSiR,OSiR,<OK')  +  H,()  etc. 

Thus  the  intermediate  products  of  hydrolysis  and  condensation  are  linear  poly¬ 
dialkylsiloxanes  with  alkoxy  groups  at  the  ends,  having  the  general  f orals 
RnKSiR^O)^. 

Hydrolysis  of  Diethyldiethoaorsilane.  To  44  g  of  diethyldiethoxysilane,  under 
stirring,  16.9  g  of  80%  ethanol  is  added  (0.75  mol  of  water  per  mol  of  substituted 
ester).  The  mixture  is  kept  in  a  thermostat  at  90°C  for  10  hours,  after  which  the 
ethyl  alcohol  is  distilled  off,  and  the  mixture  is  fractionated  at  reduced  pressure. 
The  principal  reaction  product  is  octaethyldiethoxytetrasiloxane,  but  there  are  &1- 
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ways  a  number  of  compounds  of  the  homologous  polymer  series  C^^OCSiCC^H^J^O^C^H^ 
present  in  the  mixture. 

When  various  quantities  of  water  are  used,  we  have  isolated,  as  the  principal 
reaction  products,  the  compounds  shown  in  Table  46. 

Figure  20  shows  the  velocity  of  hydrolysis. 


Table  46 

Characteristics  of  Separated  Diethoxypolydiethylsiloxanes 


C2H50[Si<C2H5)20]][C2H5 


7" 

to 

c) 

•c.  1 

| 

«0 

1  , 

l  '1 

!  105  172  (0.003  m ! 

IH.K 

u,85 

7 

204-  -212  (  0.003  *„)  1 

11.3 

0.87 

104-202  (0,001  mm)  I 

10.0 

0  on 

Id 

'  225  232  (0,001 

8.4 

a)  Number  of  mols  of  water  per  mol  of  diethyldiethoxysilane;  b)  Number  of 

silicon  atoms  in  siloxane  chain,  X;  c)  Boiling  point,  °C;  d)  Ethoxy 1  value,  % 

The  length  of  the  chain  of  the  principal  reaction  product  -  the  average  chain 
length  -  depends  on  the  quantity  of  water  introduced  into  the  reaction,  and  can  be 
calculated  mathematically  (Bibl.4l). 

Let  us  adopt  the  following  notation: 

N  -  number  of  mols  of  product  being  hydrolyzed; 

»  number  of  mols  of  water  introduced  into  the  system,  equal  to  the  number  of 
siloxane  bonds  formed. 

As  a  result  of  the  hydrolysis  reaction,  the  number  of  mols  of  organosilicon  com¬ 
pound  'decreases,  and  will  be  equal  to  the  difference 

.v  —  JV, 

The  average  number  of  silicon  atoms  in  the  siloxane  chain  formed  will  be  equal 
to  the  ratio  of  the  number  of  molecules  before  hydrolysis  to  the  number  of  molecules 


F-TS-9191/V 


351 


after  hydrolysis,  that  is 


/V 

*  N—Nx 

Nl 

By  dividing  the  numerator  and  denominator  by  N,  and  denoting  the  expression-^-  by 
nb,  we  get: 

l 

*  1  -  nb 

where  n^  represents  the  molar  weight  of  the  water  taken  in  the  reaction  of  hydro¬ 
lysis.  This  equation,  as  has  been  indicated,  has  been  introduced  for  the  ideal  case, 
that  is,  for  infinitely  small  velocity  of  introduction  of  water  and  for  its  uniform 

distribution.  It  has  been  found  in  practice  that, 
this  equation  is  correct  for  systems  with  a  ratio  of 
up  to  0*9  mol  of  water  per  mol  of  organosilicon  com* 
pound.  When  larger  quantities  of  water  are  used, 
there  is  a  discrepancy  between  the  calculated  and 
experimental  data,  which  is  due  to  the  nonuniform 
course  of  the  reaction  in  the  different  zones,  as 
well  as  to  the  formation  of  a  certain  quantity  of 
cyclical  siloxanes  together  with  the  linear 
siloxanes. 

A  study  of  the  principal  fractions  separated 
by  fractionation  under  high  vacuum  has  shown  that  in  hydrolysis  with  small  quantities 
of  water,  the  products  are  colorless  viscous  liquids.  Their  viscosity  increases 
with  the  degree  of  condensation  of  the  product.  All  of  them  are  readily  soluble  in 
benzene,  alcohol,  acetone,  toluene,  alcohol-benzene  mixtures,  and  other  organic 
solvents. 

On  repeated  distillation  of  the  principal  fractions,  even  after  six-fold  frac¬ 
tionation,  no  break  in  the  continuity  of  the  boiling  points  is  observed.  The  pro¬ 
ducts  do  not  crystallise  on  cooling,  but  solidify  slowly,  and  are  converted  into 


o  z  4  s  t  tff  a 

a) 


Fig. 20  -  Relation  between 
Degree  of  Hydrolysis  and 
its  Duration 

a)  Time,  hours;  b)  Number  of 
hydrolyzed  ethoxy  groups,  % 
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glasslike  substances,  which  indicates  the  probable  presence  of  insignificant  quanti¬ 
ties  of  homologs,  which  hinder  the  process  of  crystallization. 

The  molecules  of  the  compound  so  prepared  have  an  open  chain.  A  proof  of  this 
is  the  good  correspondence  between  the  numbers  of  the  ethoxyl  groups,  confirming  the 
presence  of  two  ethoxyl  groups  in  the  molecule.  Linear  polymers  are  formed  as  a  re¬ 
sult  of  the  step-wise  hydrolysis  of  triethyldiethoxysilane  in  a  neutral  medium  with 
insufficient  water  (Bibl.4l). 

’•Jith  an  excess  of  water  and  in  the  presence  of  HCl,  not  only  linear  but  also 
cyclic  polymers  are  obtained.  Thus,  for  example,  the  hydrolysis  of  diethyldiethoxy- 
silane  by  dilute  HCl  leads  to  the  formation  of  liquid  products.  Repeated  fractiona¬ 
tion  under  reduced  pressure  separated  two  main  fractions  with  respective  boiling 
points  (8  mm)  of  150  -  200° C  and  200  -  216°C. 

The  liquid  of  boiling  point  150  -  200° C  (8  mm),  according  to  the  analytical  re¬ 
sults,  has  the  following  elementary  composition:  Si  25.156;  C  48. 956;  H  7.456*  The  av¬ 
erage  molecular  weight  of  the  liquid  is  530  and  its  refractive  index  «  1.439* 

It  may  be  supposed  that  as  a  result  of  hydrolysis  in  an  acid  medium  a  compound 
with  the  formula  [(CjH^gSiO]^  is  formed. 

If  we  start  out  from  this  formula,  the  liquid  should  have  the  following  elemen¬ 
tary  composition:  Si  27.456;  C  47.1$;  H  9.®$;  0  15.756. 

The  molecular  weight  of  a  unit  of  the  chain,  (C^J^iO  is  102,  whence  x  -  530: 
:  102  »  5* 

Thus  the  main  part  of  the  substance  of  molecular  weight  530  is  apparently  of 
the  following  structure*: 

*  The  molecular  weight  of  the  pure  substance  corresponding  to  these  formulas  should 
be  respectively  510  and  816. 
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I ) 


(C,ll,).Si/  \Si(QI  I,).. 


l )  ( ) 

!  I 

«.,ll5).Si  Si(C.II,). 

!  I 

°\  /° 
sue, 

The  excess  of  oxy2en  by  comparison  with  the  calculated  amount  is  probably  due  to 
the  presence  of  insignificant  admixtures  of  linear  polymers  with  hydroxyl  groups: 


1  ji  I, 

HO — SI— 

<  II- 


(.,ll5 

! 

<>  Si 

I 

'  dl. 


*:JU 

_( '—Si— 01 1 


in  the  liquid,  together  with  the  cyclic  polymers. 

The  liquid  of  boiling  point  200  -  216°C  has  the  following  elementary  composi¬ 
tion:  Si  26.3$  c  46$;  H  9.7$;  0  18.0$. 

The  average  molecular  weight  of  this  liquid  is  892,  and  its  refractive  index 
nj^  =  1.441. 

It  may  be  supposed,  from  the  data  of  the  analysis,  that  this  compound  likewise 
corresponds  to  the  formula  [(CgH^gSiOj^,  where  x  *  892  :  102  *  8. 

The  postulated  structure  of  the  principal  part  of  the  substance*  of  molecular 
weight  892  is  as  follows: 

/Si(Ci  !j) — O— Si(<  :»l  I, ) — t )— Si(C.I 1,),— o. 

O  *  XS|(C,H,  >, 

( f  jl  1 5 1 jSi  ( ) 

* CfHs )u — O—  Si((  >1  — ( ) — — 


Besides  this  the  substance  probably  also  has  admixtures  of  linear  polymers  containing 
hydroxyl  groups : 


*  The  molecular  weight  of  the  pure  substance  corresponding  to  these  formulas  should 
be  respectively  510  and  816. 
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QH»  CJ 

I  I 

— O— Si—  — 0— Si -Oil 

i  I 

Cjil,  ^  C.H» 

As  indicated  above,  the  product  of  the  hydrolysis  of  alkylalkoxysilane  is  al¬ 
ways  a  polydisperse  mixture  of  polyalkylsiloxanes.  The  composition  of  the  polydis- 
perse  mixture  may  be  calculated  under  the  conditions  of  the  equal  activity  of  the 
alkoxy  groups  attached  to  the  silicon  atoms,  and  of  the  absence  of  cyclic  polymers. 
Goth  these  conditions  are  satisfied  in  systems  with  an  average  degree  of  polymeriza¬ 
tion  of  about  10,  which  is  obtained  when  0.9  mol  of  water  to  1  mol  of  dialkyldieth- 
oxysilane  is  present  in  the  system. 

The  distribution  of  the  polymer  homologs  for  such  mixtures  may  be  calculated 
from  the  statistical  equation  (Bibl.42) : 

••'x  "(-) 

where  *  molar  proportion  of  polysiloxanes  of  degree  of  polymerization  x  (where  x 
is  the  number  of  silicon  atom  in  the  polysiloxane  chain  of  the  molecules); 
-  molar  proportion  of  water  taken  for  hydrolysis. 

The  hydrolysis  of  dimethyldiethoxysilane  (Bibl.43)  proceeds  completely  according 
to  the  reaction  considered  above  on  the  example  of  diethyldiethoxy silane.  When  di- 
methyldiethoxy  silane  reacts  with  the  quantity  of  water  sufficient  for  complete  hydro¬ 
lysis,  the  reaction  product  consists  of  linear  polydimethylsiloxanes  with  ethoxy- 
groups  at  the  ends  of  the  molecules  (CjHjOCS^CM^)^)]^^).  Individual  products 
containing  up  to  11  silicon  atoms  in  the  molecule  have  been  isolated  and  studied 
(Table  47). 


c,H, 

I 

HO— Si— 

I 


1051  g  (54.4  mol)  of  di¬ 


methyldiethoxysilane,  a  solution  of  21.8  g  of  NaOH  in  733  r;  (40.7  mol)  of  water  is 
added  over  a  period  of  2  hours  with  stirring,  and  at  a  temperature  up  to  70°C.  The 
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mixture  is  then  held  at  the  boiling  point  for  an  hour  and  is  then  heated  to  100°C , 
simultaneously  distilling  off  the  ethanol  formed.  The  reaction  product  is  neutra¬ 
lized  by  passing  carbon  dioxide  gas  for  1.5  hours,  and  the  precipitate  is  filtered 
off.  The  volatile  polysiloxanea  are  distilled  off,  up  to  150°C,  under  a  residual 
pressure  of  1  mm  (retort  residue  23.2%,  viscosity  of  that  residue  7.4  stokes)  and  are 
then  rectified  in  a  column  1.3  m  high  packed  with  6  mm  spirals.  On  rectification, 
the  polydimethylsiloxanes  whose  properties  are  presented  in  Table  47  are  separated. 


Table  47 

Physical  Properties  of  Polydimethylsiloxanes  of  the  General  Formula 

C2H50[Si(CH3);£]xC2H5 


a) 

b) 

c 

c) 

c 

«) 

0 

-r 

A  ^ 

<0 

H) 

1 

114 

—87 

o.7o 

0,8395 

1 .3805 

40.89 

30“ 

•J 

l«l 

— 134 

0,07 

0.8788 

1.3880 

59,61 

532 

196 

-12(1 

1 .31 

0.9024 

1 .3922 

78,14 

687 

* 

1227 

-124 

1.78 

0.9157 

1 .8950 

96,87 

850 

’) 

257 

—  1 24 

2.24 

0,0207 

1,3964 

115,98 

1020 

o 

274 

-1|8 

2, 7.5 

0,9317 

! .3980 

134,19 

1170 

7 

292 

-112 

3,28 

0,9364 

1 ,5991 

152.92 

1330 

X 

Ml 

—  1  10 

3.8(1 

0,9406 

1 ,3992 

171  ,44 

1500 

-53 

4,50 

0,9442 

1 .4002 

100,41 

1660 

—  100 

5,17 

0.9471 

1 .4009 

200,13 

I8M' 

!  1 

- 

— 

5.80 

0,9495 

1 .4012 

- 

... 

a)  Number  of  silicon  atoms,  X;  b)  Boiling  point,  °C;  c)  Melting  point,  °C; 

d)  Viscosity  at  25°C,  poises;  e)  Specific  gravity,  d,  ;  f)  Refractive  index, 

u 

2o 

n^  ;  g)  Molar  refraction;  h)  Parachor 


Figure  21  shows  the  curve  of  distribution  of  the  polymer  homologs.  It  has  a 
distinct  maximum  at  four  silicon  atoms  in  the  chain.  This  indicates  that  the  princi¬ 
pal  reaction  product  is  octamethyldiethoxytetrasiloxane.  This  result  is  in  complete 
agreement  with  the  calculation  by  the  formula  given  above: 


X 


!  —  n. 


40.7 

'54.5 


4 
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Other  polymer  homologs  are  obtained  in  the  statistical  quantities}  and  together 
with  them,  a  certain  amount  of  the  cyclic  products  of  complete  hydrolysis  is  also 
formed:  octamethylcyclotetrasiloxane  and  decamethylcyclopentasiloxane.  The  presence 
of  other  cyclic  compounds  in  the  hydrolysis  product  has  not  been  established. 


I _ i _ _ _ : - i - r 

0  2  4  6  6  /0 


») 

Fig. 21  -  Distribution  of  Polymer 
Homologs  Formed  on  the  Hydrolysis 
of  Jimethyldiethoxy silane: 

1  -  C2H50[Si(CH3)20]xC2H5; 

2  -  [Si(CH3)20]x 

a)  Number  of  silicon  atoms  in  the 
polysiloxanes  formed;  b)  Content 
of  polysiloxanes,  mol  % 


Fig. 22  -  Relation  between  Rate  of 
Hydrolysis  of  Ethoxysilanes  and 
their  Functionality: 

1  -  C2H5SUOC2H5)3; 

2  -  (C^5)^3i(OC^5)2{ 

3  -  SiCOC^i  ) 

a)  Time,  hours;  b)  Number  of  hydro¬ 
lyzed  ethoxy  groups,  % 


Figure  22  shows  the  effect  of  the  variation  of  the  functionality  of  the  system 
on  the  rate  of  hydrolysis  (Bibl.4l,  44)  of  ethoxy siloxanes. 

Under  the  action  of  an  excess  of  water  in  the  alcoholic  solution,  the  hydroly¬ 
sis  of  tetraethoxysilane  and  ethyltriethoxysilane  proceeds  more  than  90%  to  comple¬ 
tion  in  1  hour  at  60°C  ( curves  1  and  3),  while  diethyldiethoxysilane  (curve  2)  at 
90°C  is  98%  hydrolyzed  only  after  6  hours  of  heating  (Bibl.44). 

The  statistical  distribution  of  polymer  homologs  in  the  polydisperse  mixture  of 
the  partial  hydrolyzates  of  bifunctional  compounds  is  an  experimental  confirmation 
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of  the  view  that  the  velocity  of  cleavage  of  alkoxy  groups  is  independent  of  the 


(CH^Si  (OC2Hs)| 


Fig. 23  -  Influence  of  the  Quantity 
of  Water  Taken  for  the  Hydrolysis 
of  Dimethyldiethaxysilane  on  the 
Viscosity  of  the  Hydrolysis  Pro¬ 
ducts  and  on  the  Percentage  Con¬ 
tent  of  the  Volatile  Part  in  the 
Hydrolysis  Product: 

1  -  Viscosity  of  hydrolysis  pro¬ 
duct;  2  -  Viscosity  of  nonvolatile 
part  of  hydrolysis  product;  3  -  Vis¬ 
cosity  of  volatile  part  of  hydroly¬ 
sis  product;  &.  -  Percentage  content 
of  the  volatile  part 
a)  Humber  of  mols  of  water  per  mol 
of  (CH^gSUOCjH^g;  b)  Viscosity 
at  25°C,  centistokes;  c)  Content 
of  volatile  part,  % 


length  of  the  siloxane  unit  of  the  polymer. 
The  difficulty  of  hydrolytic  cleavage  of  the 
residual  alkoxy  groups  does  not  contradict 
this  circumstance,  since  the  primary  factor 
responsible  for  the  lowering  of  the  rate  of 
hydrolysis  in  this  case  is  the  reduction  in 
the  concentration  of  the  alkoxy  groups.  In 
addition,  the  increase  in  the  viscosity  of 
the  polymer  is  a  substantial  factor. 

It  is  interesting  to  note  the  presence 
of  a  second  organic  radical  in  the  original 
product  has  less  of  an  effect  on  the  veloci¬ 
ty  of  the  condensation  reaction  than  on  thei 
velocity  of  hydrolysis.  For  this  reason,  in 
contrast  to  the  trifunctional  compounds,  the 
velocity  of  the  process  of  condensation  of 
the  hydrolysis  products  of  bifunctional  com¬ 
pounds  shows  almost  no  lag  behind  the  veloc¬ 
ity  of  the  process  of  their  hydrolysis. 

A  study  of  the  effect  of  the  quantity 
of  water  introduced  into  the  reaction  on  the 
properties  of  the  polymer  obtained  (Bibl»A3j 
has  shown  that  with  increasing  quantity  of 


water  so  introduced,  the  quantity  of  the  un¬ 
distilled  fraction  (Fig. 23;  increases,  and 
the  number  of  ethoxy  groups  decreases  in  both  distilled  and  undistilled  fractions 
(Fig. 24).  As  a  result  of  a  deeper  completion  of  the  hydrolysis  reaction,  the  molec- 
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ular  weight  of  the  retort  residue  increases  (Fig. 24),  and  also  its  density  and  its 
refractive  index  (Fig. 25). 


Hydrolysis  of  Dimethyldiethoxysilane  by  Various  Quantities  of  Water.  To  8051  g 
of  dimethyldiethoxysilane ,  with  stirring,  at  a  temperature  of  70°C,  a  solution  of 
21.8  g  of  NaOH  in  882  g  of  water  is  added  over  a  period  of  1  hour  (0.9  mol  of  water 
per  mol  of  dimethyldiethoxysilane).  The  mixture  is  heated  to  boiling  for  1  hour;  the 
volatile  products  up  to  125°C  are  distilled  off,  and  from  these  parts  the  ethyl  alco¬ 
hol  is  washed  away  by  water,  while  the  organosilicon  compounds  are  returned  to  the 
main  mass  of  polymers. 

A  first  sample  is  now  taken,  after  which  an  additional  quantity  of  water  is  ad- 

HjO 

ded  to  the  mixture,  in  order  to  bring  up  the  ratio  to  0.921;  the  process  of 

i 

hydrolysis  is  now  repeated,  then  a  second  sample  is  taken,  water  is  again  added,  and 
so  on.  In  this  way  a  series  of  samples  are  obtained,  representing  the  various  pro¬ 
ducts  of  the  hydrolysis  of  dimethyldiethoxysilane  by  water  at  ratios  from  0.9  to 
1.072  mol  of  water  per  mol  of  dimethyldiethoxysilane.  All  the  samples  so  obtained 
were  distilled  under  reduced  pressure,  and  the  physical  and  chemical  characteristics 
of  the  distilled  and  undistilled  fractions  were  studied. 

Preparation  of  Organosilicon  Liquids  by  the  Method  of  Hydrolysis  of  rHAiityldiethoxv- 
silanes.  — 

Organosilicon  polymeric  liquids  sure  prepared  from  dialky ldiethoxysilanes  by  the 
action  of  an  excess  of  water  on  them  (usually  in  the  presence  of  an  acid  as  a  cata¬ 
lyst).  After  completion  of  the  reaction,  cyclic  dialkylsiloxanes  are  formed: 

*K>i(<  >R'),.  -+-  *1 1,0  »  (R.SiO),  +  2(R  '<  >1 1 

On  the  action  of  dilute  HC1  on  diethyldiethoxy silane  (Bibl.4A),  a  mixture  of 
polydiethylsiloxanes  is  formed,  containing  a  series  of  cyclic  diethylsiloxanes, 
mainly  pentacyclosiloxane  [SitCjH^^O]  5  *nd  ootacyolosiloxane  [SUCjHtjJ^/Olg.  The 
cyclic  diethylsiloxanes  are  low-polar  substances;  this  is  confirmed  by  the  fact  that 
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their  dielectric  constant  is  close  to  the  square  of  the  refractive  index. 

The  complete  hydrolysis  of  dimethyldiethoxysilane  may  be  effected  (Bibl.45)  by 
heating  it  with  a  mixture,  in  equal  volume,  of  95$  ethanol  and  concentrated  HC1 
(1  :  1)  at  boiling  point  for  4-8  hours.  The  reaction  product  is  washed,  dried  un¬ 
der  reduced  pressure  at  120°C,  and  the  volatile  dimethylsiloxanes  are  then  distilled 
off  up  to  250°C  (4  mn).  The  mixture  distilled  off  is  again  treated  with  20$  HC1  at 
boiling  point,  washed,  dried,  and  rectified.  Individual  cyclic  dimethylsiloxanes 
CSi(CH^)^0]x  are  obtained,  with  chains  containing  up  to  12  silicon  atoms.  Table  48 
gives  the  physical  properties  of  the  polysiloxanes  so  prepared. 


Table  48 

Physical  Properties  of  Cyclic  Dimethylsiloxanes  of  the  General 

Formula  [3i(CH^)^0]x 


1 

a) 

x  ! 

b) 

c 

i  ! 

1  x 

d) 

!  •)  1 
,  * 

*) 

•* 

<0 

•c 

1 

4 

17,5 

, 

175;  74  (20  ■») 

\ 

I  0.955  (20°) 

1 .3968(20  ) 

ft 

44 

204,5 

1,87 

1  0,1*531 

1,3948 

77 

6 

— :t 

I  1 25  (20  mm) 

0,02 

.  0,90 13 

1,3996 

03 

7 

32 

!  148  (20  mm) 

0.47 

'  0.0604 

1,4118 

109 

8 

in 

<17  (0.5  mmi 

13,23 

1.403' » 

132 

'1 

130  (I  mm) 

— 

— 

-- 

- 

III 

150  (1  mm) 

- 

, 

1  1 

12 

100  (1  Mm ) 

189  (1  ml 

a)  Number  of  silicon  atoms,  X;  b;  Melting  point,  °C;  e)  Boiling 
point,  °C;  d)  Viscosity  l at  25°C)  centistokes;  e)  Specific  grav¬ 
ity,  d^;  f)  Refractive  index,  n^;  g)  Flash  point,  °C 

The  preparation  of  high-boiling  products  of  relatively  high  molecular  weight, 
which  possess  a  number  of  valuable  properties,  is  of  greal practical  interest. 
This  may  be  accomplished  by  thermal  or  catalytic  treatment  of  the  hydrolysis  pro¬ 
ducts.  Icf.  page  742  et  seq). 

A  considerably  more  convenient  method  of  preparing  polysiloxane  liquids  from 
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dialky ldialkoxysilanes  is  hydrolysis  in  the  presence  of  sulfuric  acid.  In  this  case, 
the  process  of  hydrolysis  is  combined  with  catalytic  rearrangement,  and  the  bipro- 


Fig.24  -  Influence  of  Quantity  of 
Water  Taken  for  the  Hydrolysis  of 
Dimethylethoxysilane  on  the  Number 
of  Ethoxy  Groups  in  the  Polymer  and 
on  the  Molecular  Weight  of  the 
Polymer: 


ducts,  the  low-molecular  polyorganosiloxanes, 
are  formed  in  minimum  amounts  (cf.  page  1U2. 
ff.). 


Method  of  Preparing  Liquid  Polymers 
(Bibl.A6).  1.  A  mixture  of  two  parts  of  di- 
methyldiethoxysilane,  1  part  of  95%  of  ethan¬ 
ol,  and  1  part  of  concentrated  hydrochloric 
aaid,  is  boiled  for  an  hour.  The  hydrolysis 
product  at  30°C  has  a  viscosity  of  45  centi- 
stokes,  a  flash  point  of  118°C,  and  an  aver¬ 
age  molecular  weight  of  1100.  On  heating  the 
product  in  the  retort  of  a  rectification  ool- 
uan  in  a  current  of  carbon  dioxide  gas  at 


1  -  Content  of  OCjH^  groups  in  the 
polymer;  2  -  Content  of  OC^H^  groups 
in  the  volatile  portion  of  the  poly¬ 
mer;  3  -  Content  of  OCjgHj  groups 
in  the  nonvolatile  portion; 

4  -  Molecular  weight  of  polymer 
h2o 

a)  Molar  ration  — —  b)  Content  of 

Si 

ethoxy  groups  in  polymer,  %; 
c)  Molecular  weight 


24 5°C,  its  viscosity  increases  to  75  centi- 
stokes,  its  flash  point  to  244°C,  and  its 
molecular  weight  to  1500. 

2.  Dimethyldiethoxysilane  is  mixed  with 
85%  sulfuric  acid  (34%  hy  volume)  for  5  min¬ 
utes.  The  reaction  product  is  a  mixture  of 
pdlymethylsiloxanes  (of  viscosity  158  centi- 
stjokes).  We  note  that  this  method  of  hydro¬ 


lysis  is  applicable  not  only  to  dialkyldi- 
ethoxy silane s,  but  also  to  all  mixtures  of  substituted  esters  the  functionality  of 
whose  mixtures  is  not  over  two. 

The  viseosity  and  other  physical  properties  of  the  products  depends  on  the  re¬ 
action  conditions,  time  of  treatment,  temperature,  etc.  Thus,  for  example,  in  the 
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example  given  above  on  page  361,  when  the  time  of  treatment  is  increased  (Bibl.47), 
a  polymer  of  molecular  weight  15,000  can  be  obtained. 

The  polyorganosiloxane  liquids  have  a  small  temperature  coefficient  of  viscosity 
and  an  insignificant  tangent  of  the  dielectric  loss  angle  (0.005).  To  obtain  the 

polysiloxane  liquid,  it  is  by  no  means  oblig¬ 
atory  to  use  individual  d  ialky Id  ialkoxy- 
silanes  or  mixtures  of  pure  substituted  es¬ 
ters.  One  of  the  important  methods  of  pre¬ 
paring  such  liquids  is,  for  instance,  the 
hydrolysis  of  a  mixture  obtained  on  alkyla¬ 
tion  of  tetraethaxysilane  by  organomagnesium 
compounds. 

A  mixture  of  ethylethoxysilanes  obtained 
by  reacting  183  g  of  tetraethaxysilane,  55  g 
of  magnesium,  and  2^2  g  of  ethyl  bromide  dis¬ 
solved  in  550  ml  of  ethyl  ether  is  hydrolysed 
by  pouring  it  into  1  liter  of  25%  sulfuric 
acid.  As  a  result  of  the  hydrolysis,  poly- 
diethyls  iloxanes  are  formed. 

On  the  hydrolysis  of  a  bifunctional  mixture  consisting  of  different  compounds, 
it  is  necessary  to  assure  reaction  conditions  under  which  cohydrolysis  shall  take 
place,  and  a  mechanical  mixture  of  polymers  shall  not  be  obtained.  For  this  purpose 
it  must  be  so  selected  as  to  bring  the  velocity  of  the  reaction  of  the  hydrolysis  of 
the  monomers  in  the  composition  of  the  mixture  to  be  hydrolysed  close  to  the  veloc¬ 
ities  of  the  condensation  of  the  product  of  hydrolysis. 

The  cohydrolysis  of  dimethyldiethoxysilane  and  msthylbensyldiethoxysilane  is 
conducted  at  an  elevated  temperature. 


Fig. 25  -  Influence  of  Quantity  of 
Water  taken  for  the  Hydrolysis  of 
Dimethyldiethoxysilane  on  the  Den¬ 
sity  and  Refractive  Index  of  the 
Nonvolatile  Part  of  the  Polymer: 

1  -  Density;  2  -  Refractive  index; 

h2° 

a)  Molar  ratio— x — ;  b)  Density; 
e)  Refractive  index 
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Cohydrolysis  of  Hethylbenz.vldiethoxysilanc  and  Dimethyldiethoxysilane  (Bibl .48) . 
To  a  mixture  of  224  g  of  methylbenzyldiethoxyailane  and  296  g  of  dimethyldiethoxy- 
silane,  1395  ml  of  95%  ethanol  containing  a  few  drops  of  concentrated  HC1  is  added, 
followed  by  25  ml  of  water.  The  mixture  is  heated  at  70°C  for  4  hours.  On  the  com¬ 
pletion  of  the  reaction,  the  solvent  is  distilled  off,  and  the  residue  (a  viscous 
liquid)  is  heated  for  48  hours  at  190°C,  forming  a  waxy  polymer. 

The  effect  of  the  method  of  conducting  the  hydrolysis  on  the  properties  of  the 
end  pro-duct  will  be  seen  from  the  following  experiment  (Bibl. 49). 

A  mixture  of  90  g  of  dimethyldiethoxysilane  and  10  g  of  methyltriethoxysilane 
is  boiled  4  hours  with  an  equal  volume  of  a  mixture  of  ethyl  alcohol  and  concentrated 
HOI  (1  :  1).  After  completion  of  the  hydrolysis,  10  g  of  trimethylethoxysilane  is 
added  dropwise  to  the  mixture,  and  it  is  again  boiled  for  an  hour.  The  reaction  pro¬ 
duct  is  washed  with  water,  and  the  volatile  compounds,  (up  to  230°C),  are  distilled 
off.  The  liquid  so  obtained  has  a  viscosity  of  45.5  centistokes  at  25°C.  Gelation 
takes  place  only  after  heating  for  256  hours  at  200°C.  If  a  mixture  of  all  three  of 
the  above  substituted  esters  is  subjected  to  hydrolysis  at  once,  under  the  same  con¬ 
dition  and  in  the  same  proportions,  the  viscosity  of  the  reaction  product  is  only 
21.9  centistokes,  and  the  time  of  gelation  on  heating  to  200°C  is  63  hours. 

On  the  hydrolysis  of  dimethyldiethoxysilane  in  an  acid  medium  with  an  excess  of 
water,  a  liquid  mixture  of  polymers  is  obtained,  and  is  separated  by  distillation  in 
a  vacuum  at  250°C  into  a  nonvolatile  part  (amounting  to  70  -  80%)  and  a  low-polymer 
volatile  part  (amounting  to  20  -  30%),  Tne  low  polymer  part  is  mainly  a  mixture  of 
cyclic  polydimethylsiloxanes  with  4  to  8  silicon  atoms  in  the  ring.  Cyclic  polymers 
are  prepared  in  considerably  better  yield  on  the  thermal  cleavage  of  high-polymeric 
dinethylsiloxane,  which  is  effected  by  heating  the  polymer  in  a  vacuum  at  400°C  in 
the  presence  of  a  small  amount  of  NaQH  and  a  catalyst  (Bibl. 49).  Under  these  condi¬ 
tions,  up  to  90%  of  cyclic  compounds  are  formed.  The  boiling  points  of  the  cyclic 
compounds  increase  regularly  with  their  molecular  weight.  The  freezing  point  of  the 
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cyclic  polymers  fluctuates  markedly  and  does  not  depend  on  the  molecular  weight. 

Thus,  for  example,  the  cyclic  pentamer  and  heptamer  crystallize  with  difficulty  and 
have  low  melting  points,  while  the  trimer  and  tetraaer  have  higher  melting  points, 
which  evidently  indicates  that  their  structure  is  more  symmetrical. 

Hydrolysis  of  Compounds  and  Mixtures  of  Functionalities  Higher  than  Two 

The  structure  of  the  compounds  formed  on  the  hydrolysis  and  condensation  of  mix¬ 
tures  with  a  functionality  over  two  is  very  sharply  increased  in  complexity.  The 
presence  of  trifunctional  compounds,  in  the  absence  of  an  excess  of  monofunctional 
compounds,  makes  it  possible  for  the  polymer  chains  to  be  cross-linked  by  siloxane 
bridges. 

K  k  k 

;  I  > 

•  ( ) — Si — () — Si — <>--Si 

1  1 

k  i< 

o 

K  k 

1  i  I 

t  > — Si — cj — Si- 

!  I  I 

R  R  k 

Thus  on  the  hydrolysis  of  mixtures  whose  functionality  is  higher  than  two,  poly¬ 
mers  of  network,  (cross-linked)  or  three-dimensional  structure  are  formed,  which,  as 
is  well  known,  a re  characteristic  for  resins. 

The  most  important  parameters  determining  the  properties  of  the  hydrolysj.  pro¬ 
duct  are  the  functionality  of  the  system,  and  the  size  a.«d  nature  of  the  organic  rad¬ 
icals  attached  to  the  silicon  atom. 

If  the  functionality  of  the  system  is  close  to  two,  that  is,  if  the  number  of 
trifunctional  structural  units  is  relatively  small,  the  number  of  siloxane  bridges 
cross-linking  the  polymer  chains  may  prove  to  be  insufficient  to  form  a  resinous 
polymer  (Bibl.50). 

Method  of  Preparing  Polyr.ethylsiloxane  Liquids.  A  mixture  of  0.9  mol  of  di- 
nethyldiethoxysilane  and  0.1  mol  of  methyltriethoxysilane  is  hydrolyzed  by  treatment 
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with  1  N  HC1  at  a  temperature  not  over  45°C*  The  reaction  product  has  a  viscosity 
of  13  centistokes  (contains  ethoxyl  groups);  to  intensify  the  hydrolytic  process,  it 
is  heated  in  a  stream  of  carbon  dioxide  gas;  this  increases  the  viscosity  of  the  poly¬ 
mer  to  29  centistokes,  and  then,  to  complete  the  hydrolysis,  the  product  is  boiled 
in  a  mixture  of  ethanol  and  concentrated  HC1  (1  :  1).  This  leads  to  an  increase  in 
viscosity  to  82  centistokes. 


Fig. 26  -  Rate  of  Hydrolysis 
of  Ethoxy  groups  in  Ethyl- 
triethoxysilane 
a)  Time,  hours;  b)  Number  of 
Ethoxy  groups  hydrolyzed,  % 


Liquids  of  the  above  type  have  a  low  freezing 
point  and  a  low  temperature  coefficient  of  viscosity. 
For  instance,  the  polyorganosiloxane  obtained  by  co¬ 
hydrolysis  of  90  parts  of  dimethylethoxysilane  and 
10  parts  of  msthyltriethoxysilane  under  the  condi¬ 
tions  described  has  a  freezing  point  of  -78°G;  its 
viscosity  at  100°C  is  12  centistokes,  and  at  -40°C  is 
510  centistokes  (for  mineral  oil  at  the  same  tempera¬ 
tures,  it  is  7  and  13*300  centistokes  respectively). 
In  spite  of  the  presence  of  trifunctional  structural 
units  in  the  polymer,  it  is  relatively  stable  and 


does  not  gel  at  a  temperature  of  100°C  over  a  period  of  600  hours,  and  can  therefore 
be  used  as  a  low-temperature  liquid  in  hydraulic  instruments. 

The  value  of  the  functionality  of  the  system  at  which  the  product  of  hydrolysis 
acquires  the  properties  of  a  resinous  polymer  strongly  depends  on  the  size  and  struc¬ 
ture  of  the  organic  radical.  The  maximum  allowable  value  of  the  functionality  of  the 
system  does  not  exceed  2.1  for  the  preparation  of  liquid  polymers  in  the  above  ex¬ 
amples,  and  it  is  not  possible  to  obtain  a  resinous  polymer  for  polyethylsiloxanes 
with  a  functionality  of  2.4  (even  on  prolonged  condensation  of  the  hydrolysis  pro¬ 
ducts  (Bibl.5l).  Systems  with  still  higher  functionality,  containing  higher  radi¬ 
cals,  yield  only  liquid  polymeric  products  of  hydrolysis  (the  polybutoxysiloxanes 
above  discussed  (Bibl.52)  may  be  cited  as  an  example,  for  they  still  remain  liquid 
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at  a  functionality  of  the  system  running  up  to  2.6). 

The  most  convenient  method  of  investigating  the  process  of  hydrolysis  and  con¬ 
densation  of  trifunctional  monomers  is  their  partial  hydrolysis  under  the  action  of 

an  insufficient  quantity  of  water.  This 
method  of  investigation  was  used  by  me  in 
1938  (Bibl.35).  It  allowed  me,  for  the 
first  time,  to  establish,  from  the  example 
of  ethyl-  and  butyltriethoxysilanes ,  the 
mechanism  of  the  reaction  of  the  hydrolysis 
and  condensation  of  trifunctional  organo- 
silicon  compounds.  When  water  (in  the 
amount  of  0.5  mols)  acts  on  alkyltriethoxy- 
silanes,  the  main  reaction  pi'Muct  is  di- 
siloxane: 

HSwoR'ja 4  n.<t  >  nss« >«•>..< >n -p  won 
2RSi(0|<',j  >1 1  >  UShoIMjOSiIOOK'Js 

Partial  Hydrolysis  of  Alkyltriethoxv- 
silanes.  With  22.5  g  of  90%  alcohol,  48  g 
of  et  hyltri ethoxy  silane  is  mixed;  the  mix¬ 
ture  is  heated,  with  stirring,  for  10  hours. 
The  main  reaction  product  is  diethyltet raet hoxyd i s iloxane .  On  hydrolysis  of  iso- 
butyltriethoxy silane ,  44  g,  in  18  g  of  90%  ethyl  alcohol  under  similar  conditions, 
the  principal  reaction  product  is  diisobutyltetraethoxydisiloxane. 

On  the  action  of  larger  quantities  of  water,  the  process  of  hydrolysis  contin¬ 
ues  further: 

KSnOir^(>SiR(OK')..  +  II,"  >  tO>i<<>iri..ON.I<iOK'|Oti  +  K'Oll 
"  '|,OSiR(OR')OII  r  IIOSiRIOR'i,  >  U<  >|RS»i(OR '  ><)|jSiR(OR'),  +  I  la«  >  etc. 
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Fig. 27  -  Effect  of  Size  and  Structure 
of  Alkyl  Radical  on  the  Rate  of 
Hydrolysis  of  Alkyltriethoxysilanes : 

1  -  C2H5Si(0C2H5)3; 

2  -  C3H7Si  (00^5)3; 

„  '  H>\ 

3  CH  /CHi;il,S|(OC  H  ),: 

4  -  0^31(00^5)3;  5  -  SKOCjHj)^ 

a)  Time,  hours;  b)  Number  of  ethoxy 
groups  hydrolyzed,  % 
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intimately,  compounds  of  the  general  formula: 


iroiRSiionoijr 

are  formed. 

Thus,  when  48  g  of  ethyltriethoxysilane  reacts  with  38.8  g  of  90%  ethanol, 
tetrasiloxane  is  formed  as  the  principal  reaction  product. 

Figure  26  shows  the  rate  of  hydrolysis  and  condensation  of  ethyltriethoxysilane, 
and  Fig. 27  the  effect  of  the  size  of  the  allyl  radical  on  the  rate  of  hydrolysis  of 
alkyltriethoxysilane s . 

Table  49  gives  the  relation  between  the  number  of  silicon  atoms  in  the  molecules 
of  the  principal  product  of  the  partial  hydrolysis  of  alkyltriethoxysilane  and  the 
molar  proportion  of  water  used  in  hydrolysis;  together  with  the  boiling  points  of  the 
hydrolysis  product  obtained  by  me  (Bibl.53). 


Table  49 

Relation  between  the  Number  of  Silicon  Atoms  in  the  Polymer  Molecule 
and  the  Molar  Proportion  of  Water 


*) 

b) 

O 

RO|RSl(OU')OjtR* 

1  a) 

1 

r..l  !,Si(OCfll,l:, 

.  ».-r> 

2 

i  150 — 155  (10  mm) 

o.or> 

3 

145 — 150  (0,003  mml 

o,75 

4 

195—200  (0,005  mw,i 

u,8(t 

5 

I  204-210  (0,003  mml 

0,81 

0 

212-220  (0.003  mm) 

1  0 , 8.r> 

! 

\ 

224-232  (0,003  mml 

(«.i!,)/:ik;i  i-skoc-i  i,)-, 

0,5 

2 

175  -182  (2  mm  1 

0,75 

4 

192-198  (O.OOimm  ) 

1 

n.Hfj 

7 

243-248  (0.001  mml 

id  I*),™  icHjm^suoCjii,), 

0,75 

4 

203-208  (0,002  mml 

0,80 

5 

256-200  (0,002  mml 

*  IllSi((X  2I  I5 ):i 

0,65  1 

0,80 

3  ! 

5 

199-204  (0,001  mml 
272—2**0  (0,001  mm| 

a)  Formula  of  compound  hydrolyzed;  b)  Number  of  mols  of  water  per  mol 
of  product  hydrolysed;  c)  Number  of  silicon  atoms  in  polymer  molecule 
R*0[RSi(0R* )0  33CR* ;  d)  Boiling  point,  °C 
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It  is  interesting  to  note  that  the  length  of  the  siloxane  chain  of  the  princi¬ 
pal  compound  formed  as  a  result  of  the  hydrolysis  reaction  is  in  complete  correspond¬ 
ence  with  the  calculated  value  (cf.  formula  on  page  352). 

Table  50  gives  the  physical  properties  of  the  products  of  hydrolysis  of  ethyl- 
triethoxy  silane  that  have  been  separated. 

Table  51  gives  the  physical  properties  of  the  products  obtained  on  the  hydroly¬ 
sis  of  butyl-,  pentyl-,  and  hexyltriethoxysilanes. 


Table  50 

Physical  Properties  of  Compounds  Separated  on  Partial  Hydrolysis  of 

Ethyltriethoxysilane 


ft) 


UepiyltetraeUnxy- 
di siloxane 
I riethy lpent aethoxy- 
trisiloxane 
Ietraethy  hexaethoxy- 
tetrasi  oxane 
rent ae thy  pentaethoxyp 


oxane 


Hexaethyloct aethoxy- 
hex  tail  oxane 
Meet  ae  thy  1  non  aethoxy- 
heptasiloxane 


b) 

i  c)  [ 

d) 

? 

f) 

c 

•‘a 

an 

I  n/.i 

7. 

((  ..||.|.Si,.0|(X  ..lbl, 

1  "x  i—  l  ,V> 

(  lo  mini 

1.027 

1 .4045 

511.4 

(C..I|.,):,Sl,()..|(X  ,,|  1,), 

145-  I5tl 
(O.IXi.Jmm) 

1  ,(Hi2 

1 .4005 

51  .» 

o  .1  li>|Si,< >,i< x  ..llji, 

l‘.t.V  200 
,(0,005  mm) 
204-201 

1 .002 

1  .4  HU 

IX. o 

o  ^1  X 

1 . 12ixi 

1  .41  15 

IT."' 

(0,004  mm* 

o  .-ll-.i. 

212-220 

(O.IIdJmm) 

1 . 1200 

1.414" 

15.  . 

,i  ,|  i.i.y.t  i.,(  x  ,.|  !,)„ 

224-  242 

1  1  <2" 

Mill 

15  2 

(O.oi  i  i  mm) 

a)  Name;  b)  Formula;  c)  Boiling  point,  °C;  d)  Specific  gravity,  d^°; 
e)  Refractive  index,  n^;  f)  Content  of  ethoxy  groups,  % 

The  hydrolysis  of  aethyltriethoxysilane  has  recently  been  investigated  (Bibl.53)* 
On  its  partial  hydrolysis,  linear  polyethoxymethylsiloxanes  of  the  following  general 
formula  C^jOtS^OH^HOCjgHj^jjOCjHj  have  been  isolated. 

Partial  Hydrolysis  of  Kethyltrlethoxysilane  (Bibl.53).  To  a  solution  of  5935  g 
methyltriethoxysilane  in  1525  g  of  ethanol,  a  solution  of  13.3  g  of  NaOH  in  300  g  of 
water  is  added  over  a  period  of  2  hours.  The  mixture  is  allowed  to  stand  over  night, 
and  is  then  heated  at  boiling  point  under  a  reflux  condensor.  The  ethanol  formed 
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during  hydrolysis  is  distilled  off,  the  reaction  mixture  is  heated  to  100°C,  the  re¬ 
action  product  is  neutralized  by  a  stream,  of  carbon  dioxide  gas,  and  it  is  then  cool¬ 
ed  and  filtered.  The  mixture  of  liquid  polymers  so  obtained  (4160  g)  is  rectified. 

Table  52  gives  the  properties  of  the  compounds  so  obtained. 

The  hydrolysis  and  condensation  of  unsaturated  alkyltriethoxysilanes  proceeds 
according  to  the  same  pattern  as  that  of  the  saturated  compounds,  but  in  this  case. 


Table  51 


Physical  Properties  of  Compounds  Obtained  on  Partial  Hydrolysis  of 


AUylethoxysilanes 


Di  butyl tetraethoxy- 

di  si  1  oxime 

Tetrabutylhexaethoxy* 
tetrasiloxane 
Hep t abutyl nonaethoxy- 
Jieptasilpxane  , 

1 et  raamy 1  hex  aethoxy- 


tetrasiloxane 


tnsiloxane 
Pent ahexy 1 hept aethoxy- 
prntasi loxane 


b) 

O 

°c 

d) 

e) 

% 

1 73 — 182 

(2  mm ) 

357 

1  48,46 

<C«H,),Si,0,(0CIH,), 

192-  298 

(0.001  mi.) 

643 

41,70 

i 

(QH,),SirO,(OC,ri,)» 

243 — 248 

(0,001  mm) 

1071  | 

36,71 

(C»H„),SitO,(OC.I  lt). 

203—208 

(0,002  mm) 

707 

37.59 

(C,Hji),$!tO,(lX.;l  1j)j 

256-260 

(0,002  mm) 

832 

35.91 

i 

(C.H„),Si,Oa(CX:aH,)a 

199—204 

(0,001  mm) 

573 

37,54 

P  •«Hj,),SijO*(i  x  ai  |j)T 

260-272 
(0,001  mm) 

912 

j  36.06 

a)  Name;  b)  Formula;  c)  Boiling  point,  °C;  d)  Molecular  weight; 
e)  Content  of  Ethoxy  groups,  % 


together  with  the  hydrolysis  and  condensation,  processes  of  polymerization  also  take 
place,  so  that  the  molecular  weight  of  the  products  of  partial  hydrolysis  is  found 
to  be  higher.  For  instance  (Bibl.54),  when  0.75  mol  of  water  act  on  1  mol  of  allyl- 
triethoxysilane ,  the  molecular  weight  of  the  hydrolysis  product  is  785  instead  of  the 
calculated  value  of  594*  and  when  0.8  mol  of  water  acts,  it  is  909  instead  of  the 
calculated  724. 
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Hydrolysis  of  Alkyltrialkoxvailanes  by  an  dxcess  of  Water 


Under  the  action  of  an  excess  of  water  on  individual  trifunctional  compounds, 
the  products  of  the  reaction  of  hydrolysis  and  condensation  are  no  longer  linear 
polyorganosiloxanes,  but  instead  are  complex  polymers  of  three-dimensional  structure, 
and  we  are  unable  in  the  general  case  to  calculate  the  molecular  weight  of  the  reac¬ 
tion  products  mathematically* 


Table  52 

Physical  Properties  of  the  Polymers  Obtained  as  a  He suit  of  the 
Partial  Hydrolysis  of  Methyltriethoxysilane 
General  Formula  of  Polymer:  C^jOCSitCH^XoCjH^JjjOC;^ 


b) 

c 

c)  j 

,*> 

<*« 

e) 
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nD 

f) 

2 

100  (2(1  ion) 

1.24 

0.0441 

1,3895 

70,83 

\ 

n  (0.5  »*) 

1.92 

0.0744 

1.3934 

I  94.77 

i 

<15  (0.5  mm) 

2.77 

0,0935 

1,3955 

118,56 

.  i 

120  (0.5  mini 

|  3.4« 

1  .OOfifi 

1.3074 

142.53 

o 

a)  Number  of  silicon  atoms,  X;b)  Boiling  point,  G;  c)  Viscosity, 
centistokes;  d)  Specific  gravity,  d^;  e)  Refractive  index,  n^; 

f)  Molar  refraction 

Under  the  action  of  excess  of  water  on  alkyltrialkoxysilanes  at  a  temperature 
of  65  -  70°C,  there  is  usually  a  sharp  decrease  in  the  rate  of  hydrolysis  during  the 
first  two  hours,  and  equilibrium  is  practically  established.  The  remaining  alkoxy 
groups  are  not  hydrolyzed  for  a  very  long  period  of  time.  In  this  case,  the  size  of 
the  organic  radical  exerts  a  rather  substantial  influence  on  the  number  of  these 
residual  alkoxy  groups.  While  the  number  of  hydrolyzed  alkoxy  groups  after  1-hour 
hydrolysis  of  methyltriethoxysilane  is  over  90$,  this  number  is  only  70$  for  ethyl- 
triethoxysilane,  and  during  the  following  9  hours  it  does  not  exceed  75$. 

If  the  hydrolysis  reaction  is  so  conducted  that  the  entire  amount  of  water  is 
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introduced  at  once,  at  the  very  beginning  of  the  process,  the  rate  of  hydrolysis  con¬ 
siderably  exceeds  the  rate  of  condensation.  If  the  hydrolysis  of  ethyltriethoxy- 
silane  is  almost  completed  in  1  hour,  the  refractive  index  of  the  mixture  and  its 
viscosity  still  continue  to  increase  for  4-6  hours,  which  is  evidence  that  the  pro¬ 
cess  of  condensation  still  continues. 

Hydrolysis  by  Alkali  Solutions 

The  presence  of  insignificant  amounts  of  alkali  during  hydrolysis  catalyzes  the 
process  of  cleavage  of  the  alkoxy  groups.  When  concentrated  solutions  of  alkali  are 
usel,  the  following  reaction  may  take  place  together  with  the  hydrolysis: 

—Si — OR  N«OM  —  >  -r  ROH 

I  I 

depending  on  the  reaction  conditions,  polymers  may  be  formed,  containing  one  at¬ 
om  of  solium  per  silicon  atom,  [RSi(0Na)0]x,  or  disiloxanes,  containing  two  sodium 
atoms  to  the  silicon  atom,  RSi (ONa ) 20SiR(0Na ) 2»  or  monomeric  3ilanolates,  RSi(ONa)^, 
containing  three  sodium  atoms  to  one  of  silicon.  Compounds  containing  the  ONa  group 
are  recommended  as  alkaline  catalysts  of  the  rearrangement  reaction  of  cyclical  poly- 
siloxanes  (,3ibl.55J. 

.  -lrolysis  of  ?  Nethyltriethoxysilane  in  the  Presence  of  Sodium  Hydroxide  (Bibl. 
23) .  1.  To  7.9  of  a  saturated  aqueous  solution  of  NaOH,  a  mixture  of  17.8  g  of 
nethyltriethoxysilane  and  19.9  g  of  methanol  is  added.  When  the  mixture  is  allowed 
to  stand,  white  crystals  containing  water  of  crystallization  are  thrown  down.  This 
water  of  crystallization  caui  be  removed  by  drying  the  product  over  phosphorus  pent- 
oxile  at  1.40°  C. 

2.  Jo  17.2  g  of  nethyltriethoxysilane  2.16  g  of  water  and  23.24  g  of  a  saturat¬ 
ed  aqueous  solution  of  NaOH  are  added.  The  ethanol  formed  is  distilled  off  under  a 
variur.  ,thyl  ether  is  then  added  to  the  mixture,  separating  the  crystals  of 
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C! •  6.8H2C. 

Jor.poun  is  containing  the  ONa  group  react  readily  with  various  alkyl chloro- 
silanes,  forcing  polyorganosiloxanes . 

iractical  Fethod  of  Hydrolysis  of  Trifunctional  Monomers  and  their  Mixtures 

In  studying  the  products  of  hydrolysis  and  condensation  of  alkyltriethoxy- 
silanes,  I  was  the  first  to  establish  the  possibility  of  preparing  high-molecular 
pol/or -anosiloxanes  possessing  a  number  of  technically  valuable  properties  (Bibl.56). 
.'he  properties  of  organosilicon  resins  were  studied  and  their  advantages  over  organic 
resins  were  established  (Bibl.57). 

'.’he  hydrolysis  of  a  mixture  of  substituted  esters  of  functionality  higher  than 
two  in  the  presence  of  acid  catalysts,  most  often  of  HCl,  is  of  practical  importance 
for  the  preparation  of  organosilicon  resins.  We  now  present  several  examples  of  the 
practical  conduct  of  this  hydrolysis. 

1.  To  a  mixture  of  7.12  g  of  methyltriethoxysilane  and  1.18  g  of  trimethyl  eth- 
oxysilane,  1.18  g  of  water  is  slowly  added  (in  the  form  of  an  alcoholic  solution  con¬ 
taining  traces  of  HCl).  The  alcohol  is  distilled  off.  The  product  of  the  hydrolysis 
(a  low- viscosity  liquid)  is  washed  and  then  dried.  After  air  at  a  temperature  of 
250°C  is  blown  through  it,  a  solid  elastic  resin  is  formed  (Bibl.58). 

2.  On  the  hydrolysis  of  butyltriethoxysilane  in  the  presence  of  1$  of  nitric 
acid,  followed  by  the  condensation  of  the  hydrolysis  product  by  blowing  air  through 
it  for  U5  hours  at  160°C,  a  polybutylsiloxane  resin  of  molecular  weight  1205  is  ob¬ 
tained.  The  condensation  of  the  product  of  hydrolysis  in  the  presence  of  phosphorus 
pentoxide  for  2/*  hours  at  160°C  leads  to  an  increase  in  the  molecular  weight  to  1650 
(Bibl.59). 

Hydrolysis  of  mixtures  of  dimethyldiethoxysilane  and  tetraethoxy silane  in  the 
ratios  of  2  :  1  and  3:1,  under  the  same  conditions,  yielded  a  resinous  polymer 
(Bibl.60). 
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One  of  the  most  important  methods  of  preparing  resinous  polysiloxanes  is  the 
hydrolysis  of  the  reaction  mixtures  obtained  by  the  alkylation  of  tetraethoxysilane 
by  organomagnesium  compounds.  By  regulating  the  degree  of  alkylation,  resins  with 
various  physical  and  chemical  characteristics  may  be  obtained.  For  instance,  on  the 
hydrolysis  of  a  mixture  of  ethyletho^silanes,  obtained  by  the  reaction  between 
tetraethoxysilane,  magnesium,  and  ethyl  bromide,  in  the  presence  of  sulfuric  acid, 
followed  by  washing,  drying,  and  condensation,  a  polyethylsiloxane  resin  is  formed 
(Bibl.45). 

Alcoholysis  and  Reesterification 

Under  the  action  of  alcohols  on  substituted  esters,  the  reaction  of  alcoholysib 
takes  place.  This  process  has  all  the  features  indicated  in  our  discussion  of  the 
alcoholysis  of  esters  of  orthosilicic  acid  on  page  249.  The  distinctive  feature  of 
the  reaction  in  this  case  is  merely  the  lower  activity  of  the  substituted  ester  as 
compared  with  the  tetraalkoxysilanes;  thus,  for  example,  the  reaction  between  ethyl- 
triethoxysilane  and  normal  propyl  alcohol  by  the  formula 

•  I  I  .S.M  M  ,|  3<  .,|  |.t  >1  |  - fr  I  ,.l  I, bill  M  ,1 1, 1,  -r  JC,H,OI  I 

proceeds  on  heating  the  reaction  mixture  to  the  boiling  point  and  distilling  off  the 
ethanol  formed  over  a  period  of  95  hours  (Bibl.33). 

If  the  reaction  of  alcoholysis  is  conducted  by  reacting  the  substituted  ester 
with  polyethylene  glycol,  then  the  reaction  products  are  water  soluble  (Bibl.61). 

The  alcoholysis  of  compounds  of  the  type  RSKOC^)^,  where  R  is  an  aliphatic 
radical  containing  from  12  to  24  carbon  atoms,  proceeds  at  a  temperature  of  the  or¬ 
der  of  200  -  300° C.  The  reaction  product  are  surface-active  and  may  be  used  as  emul¬ 
sifiers  or  in  order  to  render  various  materials  water-repellant • 

A  weak  acid,  like  an  alcohol,  may  enter  into  a  reaction  with  a  substituted  es¬ 
ter;  for  example,  boric  acid  in  the  presence  of  an  acid  catalyst,  forms  the  corre¬ 
sponding  silylborate: 


F-TS-9191/V 


373 


3(<  .1  la JablOCyi  *T  I  I:jBU3 


•  B[OSj(CH»)t):  , 


Preparation  of  Tri-(trimethylsilyl)-Borate  (Bibl.62).  A  mixture  of  35*5  g  of 
trimethylethoJQrailane,  6.2  g  of  boric  acid,  and  10  mg  of  toluenesulfonic  acid  is 
heated  at  boiling  point  for  5  hours.  The  reaction  product  contains  tri-(trimethyl- 
silyl)-borate,  boiling  point  90°C,  refractive  index  n^®  *  1.3839* 

When  two  substituted  esters  react  with  each  other,  metathesis  of  the  alkoxy 
groups  takes  place  (Bibl.63): 


•  »•  2|CII,|;S K  k  .!  I  ,iii )( .,H|i 


Replacement  of  an  Alkoxy  Group  by  a  Halogen  Atom 

This  reaction  is  similar  to  the  corresponding  reaction  of  the  esters  of  ortho- 
silicic  acid,  but  leads  instead  to  the  formation  of  alkyl-(aryl)-halosilanes: 

(C,H,),SiOCrII*  +  CH,COCl - (C,H,),SiCI  +  CH,COOC*H» 

Preparation  of  Tripropylchlorosilane  (Bibl.18).  A  mixture  of  7  g  of  tripropyl- 
ethoxysilane  and  16  ml  of  acetyl  chloride  is  heated,  and  at  the  same  time  the  ethyl 
acetate  is  distilled  off.  In  this  case  5.5  g  (85$)  of  tripropylchlorosilane  is 
formed. 

A  similar  reaction  takes  place  when  substituted  esters  react  with  benzoyl  chlor¬ 
ide  when  heated  for  many  hours  at  200°C  in  a  sealed  tube  (Bibl.6/+).  In  the  presence 
of  quinoline  phosphate,  this  reaction  proceeds  very  well  even  in  an  open  vessel  com¬ 
municating  with  the  atmosphere.  This  method  is  recomnended  for  the  preparation,  for 
instance,  of  pure  dimethyldichlorosilane  from  dimethyldibutoxysilane  (yield  80$), 
and  also  for  preparing  methylchlorosilanes  from  methylchloroethoxy silanes. 

The  replacement  of  alkoxy  groups  by  halogen  atoms  likewise  takes  place  under 
the  action  of  phosphorus  trichloride;  for  instance,  triinethylethoxysilane  reacts  at 
70°  C: 
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3(CH,),SiOC,H5  +  PCI,’  •  3(CHs),SiCI  +  P(OC,H,)a 

At  high  temperatures,  the  reaction  of  phosphorus  chlorides  with  substituted  es¬ 
ters  is  more  complicated,  an  alkyl  chloride  being  liberated  and  polysiloxane  formed 
(Bibl.64). 

The  replacement  of  an  alkojqr  group  by  fluorine  is  considerably  easier  than  by 
chlorine.  The  reaction  proceeds  easily  under  the  action  of  hydrofluoric  acid  (Bibl. 
65): 

C*HtSi(OC,H, ),  +  3HF  -  --  >  C.H.SiF,  +  3C*H,OH 

Cleavage  of  Alkoxy  Groups  and  Formation  of  Organosiloxanes 

The  reactions  recalling  the  processes  of  hydrolysis,  which  occur  under  the  ac¬ 
tion,  mainly,  of  acids  on  the  substituted  esters,  are  of  great  practical  importance. 
HI  quantitatively  converts  substituted  esters  into  polyorganosiloxanes  (Bibl. 66): 

xRSi(OC,H,),  4-  3xHJ  —  •  (RSiO,  8)s  4*  3rCsHs.l  4-  l.&xH/) 

Dilute  sulfuric  acid  has  a  similar  action: 

2(CfH,)tSiOCtH|  4-  HjSO, - -  (C.H,)^iOSi(C,H,),  4-  2C,H8050,H 

and  also  the  lower  organic  acids  (Bibl. 66): 

R«Si(OR')*_,  1-  (4-  *)RCOOH  —  *  KR^SiO,))  4-  (4-  jt)RCOOR  4-  H.O 

Preparation  of  Polyamrlsiloxane.  A  mixture  of  3A»5  g  of  formic  acid,  58.5  g  of 
aay ltriethoxysilane ,  and  0.5  -  1  g  of  p-toluenesulfonic  acid,  is  heated  to  the  boil¬ 
ing  point,  and  the  ethyl  formate  (55  g)  is  simultaneously  distilled  off,  thus  form¬ 
ing  polyasylsiloxane. 

These  reactions  may  serve  for  the  quantitative  cleavage  of  the  alkoxy  groups 
and  accomplishment  of  hydrolytic  processes. 

Of  interest  is  the  catalytic  cleavage  of  alkoxy  groups  in  substituted  halo- 
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esters  on  heating  in  the  presence  of  ferric  chloride ,  and  also  the  cleavage  of  alkoxy 
groups  on  heating  a  mixture  of  substituted  esters  and  allqrlchlorosilanes  in  the  pres¬ 
ence  of  ferric  chloride.  The  process,  schematically  represented  by  the  equation: 


leads  to  the  formation  of  various  polyalkysiloxanes  (Bibl.67). 

The  amount  of  ferric  chloride  used  ranges  from  0.03$  to  1%.  The  most  varied 
products  may  enter  into  this  reaction  ( dimethylalkoxy  chlorosilanes ,  the  product  of 
partial  esterification  of  a  mixture  of  phenyl-  and  methyltrichlorosilanes  and  phenyl- 
methyldichlorosilane,  a  mixture  of  methyltriethoxy silane,  phenyltrichlorosilane ,  and 
dimethyldichlorosilane,  etc.).  With  a  proper  selection  of  the  proportion  between 
these  components,  various  polyalkyl- (aryl )-siloxanes  containing  neither  chlorine  at¬ 
oms  nor  alkoxy  groups  may  be  obtained. 

The  reaction  between  the  substituted  esters  and  acetic  anhydride  (Bibl.67)  pro¬ 
ceeds  similarly  to  the  reaction  of  esters  of  orthosilicic  acid: 

QII*Si<OR):l  +3(<;i»aC:0)10  —  •  <:,H»Si(OCOCH,),  +  3CH.COOR 

If  S  -  C2H5,  C3H7,  or  G^H^,  the  reaction  proceeds  at  the  boiling  point  of  the  mix¬ 
ture,  in  almost  quantitative  yield.  The  reaction  product  may  dissociate  in  the  acet¬ 
ic  anhjrdride  Tedium,  so  that  a  side  reaction  my  occur,  leading  to  the  formation  of 
polyorganosiloxanes : 

05HjSi(OR),  t-  (CH,CO)jO  C;H,Si(OR)j(OCOCH,)  +  CH,COOR 

«:..MsSi(()R),iOCCX:H,)  C..li,Si<OR)jO-  +CH,CO* 

( Ji,Si(OR),«x;ocH,)  <  ..u4Si(ORM«x;<x:H,r  -t  «>r» 

l<Ox  /UR 

•  .MvSi(OUt«x  <h  ||„)  4  «  .ilsSi(UR(..u  -  •  o— Si— OR  etc. 

<;h,coo  '  N:,hs 

Cleavage  of  Organic  Radicals 


Under  the  action  of  an  alkali,  and,  in  certain  cases,  of  water,  on  substituted 


F-TS-9191// 


376 


esters  whose  molecules  contain  chlorinated  aliphatic  radicals  or  radicals  with  mul¬ 
tiple  bonds,  cleavage  of  these  groups  takes  place: 

Si  K  .  null  >  Si  oil  -f  KM 

O’leavage  of  groups  with  a  triple  bond  at  the  a-carbon  atom  is  particularly  easy. 
Vol’nov  and  Reutt  (Bibl.10)  found  that  when  phenylacetylenetriethoxysilane  is  treated 
with  boiling  water,  a  certain  amount  of  phenylacetylene  is  formed,  as  well  as  a  mix¬ 
ture  of  benzene-insoluble  and  benzene-soluble  polymeric  products  of  hydrolysis.  Ob¬ 
viously,  both  reactions  of  hydrolysis,  leadings  to  the  formation  of  a  polysiloxane 
soluble  in  benzene 

x.„|ls(.  •  (  Sn(X  .lljH  *  (' CSiO,  5)x 

and  a  cleavage  reaction,  leading  to  the  formation  of  silica  gel: 

<  SiOl  5),  >  <SiOs)-t 

must  take  place, 

Formation  of  Polymeric  Substituted  Esters 

’/hen  glycols  react  with  alkylchloro silanes,  the  reaction  product  is  a  polymer 
with  the  structural  unit: 

K 

-u|<  <  »Si — OR  —  U  - 


and  the  silicon  atom  may  be  bound  by  its  fourth  valence  either  with  the  organic  rad¬ 
ical  R,  or  with  the  glycol  residue  OR’O.  These  compounds  may  be  prepared  by  ester¬ 
ification  of  organochlorosilanes  or  by  alcoholysis  of  substituted  esters.  The  only 
difference  is  that,  instead  of  a  monoat omi'1  alcohol,  diatomic  glycols  (Bibl.68)  or 
phenols  are  used  in  the  reaction.  The  presence  of  a  second  reactive  group  in  the 
molecule  of  the  glycol  (or  phenol)  leads  to  the  formation  of  a  polymer  which  is  usu- 
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ally  of  cyclic  structure 


vR5SiU.+  xUOROII - ►  (M.-SiOK'O), +‘2xHCI 

or 

eK  .Si(OC»IIOi  r  tHOR'OH  - *■  (R  .SiOR '( >) ,  -+-  2*<  ,.l  l„i  )l  I 

If  a  trifunctional  compound  is  introduced  into  the  reaction  instead  of  a  bifunc¬ 
tional  compound,  a  polymer  of  cross-linked  structure  is  obtained. 

./hen  ethylene  glycol  is  heated  with  dimethyldichlorosilane  at  55°C  in  the  pres¬ 
ence  of  p-toluenesulfonic  acid,  a  polymer  is  formed,  which  is  a  liquid  with  the  mo¬ 
lecular  weight  1164  (*  =  10): 

bhen  this  polymer  is  heated  to  higher  temperatures,  its  molecular  weight  diminishes. 
Destructive  distillation  of  the  polymer  yields  crystals  of  the  same  composition  and 
a  molecular  weight  of  2 U3(*  -  2),  which  on  standing  are  again  converted  into  a 
liquid. 

According  to  patent  data  (Bibl.68),  the  esterification  of  dialky ldichlorosilanes 
nay  be  conducted  by  the  action  of  diphenylolpropane,  deca-  or  hexamethylene  glycol, 

'4. . 4-dioxydiphenyl ,  etc.  The  reaction  is  catalyzed  by  sodium  in  amounts  ranging  from 
0.002£  to  1%.  The  reaction  of  diethyldiphenoxysilane  with  diphenylolpropane  leads 
to  the  formation  of  a  viscous  polymer  which  is  suitable  for  the  production  of  glues 
and  adhesive  materials. 
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CHAPTER  VI 


ALKYL- (ARYL )-HAL0SlLANE3  AND  HALOALKYL- ( HALOARYL )-HAL0SILANE3 
Alkyl- (Aryl )-Halosilanes 

The  alkyl-(aryl )-haloailanes  constitute  an  extensive  group  of  monomeric  organ- 
osilicon  compounds. 

The  alkyl-(aryl )-chloro silanes  are  the  compounds  of  this  class  that  are  of  the 
greatest  practical  importance  and  are  most  available. 

The  group  of  alkyl- (aryl )-chlorosilanes  Includes  compounds  of  the  types: 


RSiH2Cl, 

R2SiHCl, 

RSiHClg 

(1) 

RSiCl  , 

RSiCl, 

R  SiCl 

(2) 

3 

2  2 

3 

I 

II 

III 

Compounds  of  the  first  group  (1)  have  been  little  studied,  and  their  nuaber  of 
synthesized  compounds  is  insignificant.  The  compounds  of  the  second  group  (2),  which 
are  more  important,  have  been  synthesised  in  larger  number,  and  many  of  thsm  were  al¬ 
so  studied  in  detail* 

The  high  chemical  activity  of  the  halogen  in  alkyl-  and  aryl-  chlorosilanes  per¬ 
mits  their  wide  use  for  various  reactions  with  organic  compounds.  Their  reaction 
with  water  is  particularly  interesting.  Under  the  action  of  water,  alkyl-  and  aryl- 
halosilanes  easily  exchange  the  halogen  atom  for  a  hydroxyl  group;  thus  forming 
alkyl-  and  arylailanols,  from  which  high-polymeric  compounds  (polyorganosiloxanes ), 
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possessing  very  valuable  technological  properties,  are  prepared. 

Preparation  of  Alkvl-(Aryl)-Chlorosilanes 

The  alkyl- (aryl )-chloroailanes  are  the  most  important  class  of  monomeric  organ- 
osilicon  compounds.  They  are  one  of  the  principal  intermediates  for  the  preparation 
of  organosilicon  polymers,  and  may  be  manufactured  in  large  amounts  by  simple  and  ec¬ 
onomical  methods. 

In  most  chemical  reactions,  the  organic  radicals  attached  to  the  silicon  atom 
remains  unchanged,  but  the  halogens  do  participate  in  the  reaction.  For  this  reason 
the  alkyl- (aryl )-chlorosilanes  are  divided,  according  to  their  functionality,  into 
the  following  groups: 

I.  Trifunctional  -  alkyl- (aryl )-trichlorosilane3. 

II.  Bifunctional  -  dialkyl-(diaryl)-dichlorosilanes. 

III.  Monofunctional  -  trialkyl- (triaryl )-chlorosilanes. 

Alkyl- (aryl )-chlorosilanes  are  prepared  by  two  principal  methods  of  synthesis: 

(1)  by  substituting  organic  radicals  for  chlorine  atoms  in  SiCl  or  in  organo- 

k 

chlorosilanes,  by  the  aid  of  organomagnesium  or  other  organometallic  compounds; 

(2)  by  the  direct  reaction  of  an  alkyl  halide  with  silicon  in  the  presence  of  a 
catalyst  (direct  synthesis). 

Other  methods  of  synthesis  have  not  yet  acquired  practical  importance. 
Preparation  of  Alkyl- (Aryl  )-Chloroailanes  by  the  Aid  of  Organomagnesium  Compounds 

In  evaluating  the  method  of  preparing  alkylchlorosilanes  by  the  aid  of  organo- 
magneslum  compounds,  its  universality  and  flexibility  should  first  of  all  be  pointed 
out.  Jn  reactions  with  organomagnesium  compounds,  alkyl- (aryl )-chlorosilanes  combin¬ 
ing  in  themselves  various  different  organic  radicals  may  be  prepared.  In  this  re¬ 
spect  this  method  excells  all  others,  except  for  that  of  synthesis  with  organo- 
lithium  compounds,  which,  however,  cannot  be  widely  used  owing  to  the  high  cost  of 
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metallic  lithium. 

Under  laboratory  conditions,  synthesis  by  the  aid  of  organomagnesium  compounds 
is  the  most  valuable  and  universal  method  for  preparing  both  alkyl- (aryl )-chloro- 
silanes  and  a  considerable  number  of  other  organosilicon  compounds. 

The  inconvenience  involved  is  the  unavoidability  of  using  a  solvent  or  diluent, 
sometimes  in  substantial  amounts,  and  also  the  necessity  of  separating  the  precipitate 
of  magnesium  salts.  All  this  makes  a  large  number  of  stages  necessary,  makes  the 
process  prolonged  and  leads  to  the  low  productivity  of  the  apparatus.  This  fact  con¬ 
siderably  reduces  the  value  of  this  method  for  preparing  organosilicon  compounds  on 
an  industrial  scale.  Direct  synthesis,  which  has  certain  other  disadvantages,  does 
not,  however,  have  the  disadvantages  inherent  in  the  method  of  substitution  through 
organomagnesium  compounds,  and  therefore  a  combination  of  these  two  methods  makes  it 
possible  the  rational  preparation  of  the  overwhelming  majority  of  the  alkyl- (aryl )- 
chloro silanes. 

The  organomagnesium  compounds  however,  which  were  discovered  in  the  first  years 
of  the  present  century,  soon  found  use  for  the  synthesis  of  the  alkyl- (aryl )-chloro- 
silanes  in  the  presence  of  ethyl  ether. 

The  reaction  with  SiCl.  proceeds  according  to  the  mechanism 

4 

SiNj  +  RMsX'  -  KSiX,  +  MgX.V 
KSiXa  HMC.V  »  R-jSiXg  W«XX' 

R.SiX;  r  RMtfX'  =  R,SiX  +  M*X\' 

W» SiX  +  W.MkX'  -  R,Si  +  MfiX.V 

When  SiCl,  is  mixed  with  a  solution  or  suspension  of  alkyl- (aryl )-oagnesium  halide, 

4 

a  mixture  of  alkyl- (aryl )-chlorosilanes  of  all  degrees  of  substitution  is  usually 
formed. 

The  ratio  between  the  reaction  products  depends  primarily  on  the  ratio  between 
the  starting  reagents.  By  selecting  the  proper  proportions,  the  process  may  at  will 
be  directed  toward  the  production  primarily  of  the  alkyltrichlorosilane,  the  di- 
alkyldichlorosilane,  or  the  tri alkyl chloro silane. 
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Another  condition  affecting  the  ratio  between  the  reaction  product  is  the  rela¬ 
tive  reactivity  of  the  tetrahalosilane  and  the  products  of  varying  degrees  of 
alkylation. 

If  both  these  conditions  are  known,  then  the  ratio  between  the  different  reac¬ 
tion  products  may  be  calculated  (for  the  ideal  case,  when  the  velocity  of  introduc¬ 
tion  of  the  organomagnesium  compound  is  infinitesimal,  and  ideal  mixing  is  assurred). 
Let: 

x  »  ratio  of  the  number  of  rnols  of  organomagnesium  compound  to  the  number  of 

mols  of  SiCl  ; 

4 

y  -  ratio  of  number  of  mols  of  products  of  various  degrees  of  substitution, 

R^SiCl^^,  formed,  to  the  number  of  mols  of  SiCl^  taken  into  the  reaction; 

1 :  a :  B :  y  *  ratio  between  reaction  rates  between  the  organomagnesium  compound  and  the 

SiCl. ,  the  alkyltrichlorosilane,  the  dialkyldichlorosilane,  and  the  tri- 
4 

alkylchlorosilane  respectively; 

N  -  number  of  mols  of  SiCl  • 

4 

The  process  reflecting  the  above  reactions  between  SiCl  and  RM  I  may  in  the 

4  g 

general  case  be  mathematically  described  by  the  following  system  of  differential 
equations  (Bibl.l): 


dm  —  —  <r y»dx 
dlfl  «= 

dm  —  f{*yi  — 
dm  ^  f&ih—ry*)** 
dm  =  *yy»dx 


where 


r1  -  N{y%  -j-  ay,  +  ftyi  +  yy») 


The  solution  of  these  equations  allows  us  to  elucidate  the  relation  between  the 

relative  amount  of  organomagnesium  compounds  (x),  the  ratio  between  the  reaction  rates 

(the  reactivity)  and  the  relative  Quantity  (y^)  of  the  compounds  of  various  degrees 

of  substitution,  R  SiCl.  in  the  reaction  products: 

*  n  4-n  r 
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where 


Vi  - 


v.(vr‘  ■ 


II;  91/(1 


i/r 


(a  —  fJHl  —  (it  "  l«  — fSHl  -a)  ~  (I  —  *)(  1  —  P> 


lt:,  =  tthy0 


Va~‘ 


i 

-vo 


(a  v)(l  v)  !•»-  fl)([4  -  Y)  ( 1  —  B» 


*r' 


i 


lor  -  J»)  (a  —  y)  (l -- *1  ~  1 1  —  a)  (1  —  P)  (1  -  Tf> 
lit  I  V,«  -  ll\  --  y-i  —  Vn 


4  “i*’ 

1_-J4  '  fy  J  —  y 

a—  8  +  la  —  3)  (a  —  Y>  1 JJ  -  -  Y  _  __  JP _ 

I— «  "r  *«  —  ji)  ( 1  —  p)  +  (■  — Y)(P  — YMI  —  Y>' 

4  —  x  _ 

r  30  «PY 

V-*‘  +  Ti  -a)  fi-p)  “'  (!  —  a)  (1  —  P)(l  — Y) 


These  equations  allow  us  theoretically  to  calculate  the  ratio  of  the  alkyl- 

(aryl)-chlcrosilanes  in  the  mixture  formed  under  the  action  of  the  organomagnesium 

compound  on  SiCl  for  definite  ratios  between  the  reaction  rates  of  the  chloro- 
4 

silanes. 

By  studying  the  ratios  between  the  starting  reagents  and  the  reaction  products, 
it  is  possible  to  draw  a  conclusion  as  to  the  ratio  between  the  reaction  rates  of  the 
various  chloro silanes. 

There  is  today  unfortunately  not  a  sufficient  amount  of  experimental  material 
available  that  would  allow  us  to  elucidate  this  question  completely.  It  can  only  be 
stated  that,  in  general,  the  relative  reactivity  of  the  chlorosilanes  depends  on  the 
type  of  radicals  attached  to  the  silicon  atom,  as  well  as  on  their  number  and  on  the 
synnetry  of  the  molecular  structure.  The  symmetrical  dialky- (diaryl  )-di chlorosilanes 
react  at  a  considerably  lower  velocity  than  the  asymmetric  monalkyltrichlorosilanes, 
that  is,  the  velocity  of  reaction  is  usually  considerably  smaller  than  the  value  of  a 
which  sometimes  exceeds  1.  If  the  molecular  symmetry  is  not  of  substantial  import¬ 
ance,  then  the  hypothesis  that  the  respective  reactivities  are  in  the  following  ratio 
->11 

1:  7  :  -  :  -  is  the  most  probable.  In  this  case,  the  above  equations  will  take 

4  2  4 
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the  following  forms 


</s-6|/«(  tf1'—  !)* 

mi  *y«  (  vf'1,  —  *  Y 

Then 

*  =  4  ( l  —  yjj*) 

In  the  case  where  the  molecular  symmetry  has  a  substantial  influence  on  the 
course  of  the  product,  the  value  of  a  must  be  taken  higher.  If  the  ratio  of  the  sub¬ 
stances  in  the  reaction  mixture 


then 


In  that  case 


I  :  «  :  f»  :  Y  I  2: 


2 

T 


i/i  *  y..<  I  •  .Mil 

T  x^o*  3^»l 

..  27  , 

Ml  •»  ».Vo*  +  «.V#  —  *  Jfo  '  -fT/to  ' 

4C  |  5  y  2<  *. 

1=1-  x^o  *  -  5k>  •"  xyo +  T*« 


For  each  given  ratio  between  the  reactivity,  a  curve  of  a  relationship  between 

the  yield  of  any  of  the  alkyl- (aryl )-chlorosilanes  y  and  the  ratio  between  the  num- 

n 

ber  of  mols  of  organomagnesium  confounds  and  that  of  SiCl.  can  be  constructed.  A 

h 

comparison  of  the  experimental  data  on  the  composition  of  the  mixtures  with  the 
course  of  the  curves  for  various  reactivity  ratios  may  give  an  idea  of  the  relative 
reactivity  of  a  number  of  alkyl-chlorosilanes  with  respect  to  a  given  organomagnesium 
compound;  when  the  reactivity  is  known,  however,  the  composition  of  the  reaction  pro¬ 
ducts  can  be  mathematically  calculated  (under  ideal  conditions)  for  any  desired  ratio 

between  the  organomagnesium  compound  and  the  SiCl  • 

U 

As  already  stated,  we  lack  today,  for  the  solution  of  this  problem,  exhaustive 
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experimental  data  which  would  make  it  possible  precisely  to  establish  the  reactivity 
ratio,  even  for  compounds  with  simple  organic  radicals*  It  can  only  be  said  roughly, 
for  purposes  of  orientation,  that,  for  example,  for  the  characteristic  of  the  reac¬ 


tion  between  SiCl  and  phenylmagnesium  bromide  in  a  medium  of  ethyl  ether,  the  curves 
U  12 
of  the  relation  between  y  and  x,  calculated  by  the  ratio  1:2:-:-  come  closest* 

n  *  2  3 

This  is  evidence  that  in  the  reaction  with  phenylmagnesium  bromide,  the  molecular 
symmetry  of  chlorosilane  substantially  influences  the  reactivity  (the  asymmetric 
phenyltrichlorosilane  reacts  twice  as  fast  as  SiCl^,  and  four  times  as  fast  as  di- 
phenyldichlorosilane).  The  difficulties  of  preparing  phenyltrichlorosilane  by  means 
of  organomagnesium  compounds  are  related  to  this  fact.  On  the  other  hand,  there  are 
grounds  for  considering  that  ethyltrichlorosilane  has  a  lower  reactivity  with  respect 
to  ethylmagnesium  bromide  than  SiCl,  has,  and  therefore  it  can  be  easily  prepared  in 
high  yield. 


In  practice,  the  amount  of  organomagnesium  compound  is  usually  taken  in  25%  ex¬ 
cess  for  the  replacement  of  a  chlorine  atom  in  SiCl  by  an  organic  radical*  tor  ex- 

4 

ample,  for  the  synthesis  of  a  dialkyl- (diaryl  )-dichlorosilane,  2*5  mols  of  the  cor¬ 
responding  organomagnesium  compounds  is  taken  for  each  mol  of  SiCl.  •  If  the  object 

4 

of  the  synthesis  is  to  replace  one  atom  of  chlorine  in  SiCl^,  and  excess  of  SiCl^  is 
usually  used,  and  after  the  completion  of  the  process  this  excess  is  easily  separated. 

The  synthesis  of  an  organomagnesium  compound  in  the  presence  of  ethyl  ether, 

% 

which  has  given  a  good  account  of  itself  in  laboratory  practice,  is  inconvenient  un¬ 
der  industrial  conditions,  although,  according  to  the  literature,  it  is  used  in  the 
United  States  for  the  synthesis  of  organosilicon  polymers.  The  method  of  preparing 
organomagnesium  compounds  proposed  by  me  (Bibl.2)  enables  us  to  synthesize  the  alkyl- 
(aryl )-chlorosilanes  without  using  ethyl  ether  as  a  solvent. 

This  process  may  be  run  either  in  two  stages,  with  the  preliminary  preparation 


of  the  organomagnesium  compounds,  by  the  reactions: 

\U  U\  - ►  IRAK'S 

VI,  U’M-N  - >  U-Si<  I;i  ,  \t-<  l\  etc. 
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or  in  a  single  stage,  by  the  reaction  between  magnesium  and  a  mixture  of  SiCl^,  alkyl 
halide,  solvent,  and  catalytic  quantities  of  tetraethoxy silane. 

Preparation  of  Bthyltrichloro silane  and  Dlethyldichlorosilane  without  use  of 
Ether  (Bibl.3).  In  a  round  bottom  flask,  provided  with  a  stirrer  with  mercury  seal, 
a  dropping  funnel,  a  thermometer  lowered  to  the  bottom  of  the  flask,  and  a  reflux 
condenser  with  a  calcium  chloride  tube,  12  g  of  freshly  prepared  dry  magnesium  shav- 
ings,  less  than  0.1  mm  thick,  are  placed  with  &  few  drops  of  tetraethoxysilane.  From 
the  dropping  funnel  1  to  2  ml  of  ethyl  bromide  are  introduced  into  the  flask,  after 
which  the  temperature  in  the  flask  usually  rises  rapidly  to  70-SCPC.  The  stirrer  is 
now  started.  The  reaction  mixture  is  slightly  cooled  on  a  water  bath,  and  the  ethyl 
bromide  is  added  slowly  (dropwise).  The  first  portion  of  ethyl  bromide  (40  g),  is 
added  under  constant  cooling  of  the  mixture  on  a  water  bath.  The  process  in  this 
stage  is  usually  strongly  exothermic;  the  flask  is  filled  with  a  white  mist;  when  the 
cooling  bath  is  removed,  the  temperature  of  the  mass  sharply  rises.  The  remaining 
ethyl  bromide,  22  g,  is  added  together  with  a  solvent,  thoroughly  dried  benzene  or 
toluene  (70  g).  If  the  temperature  of  the  reaction  mass  begins  to  fall,  the  mass  is 
slightly  heated  on  a  water  bath  (in  such  a  way  as  to  hold  the  temperature  of  the  mix¬ 
ture  at  about  45°C  during  the  course  of  the  addition  of  ethyl  bromide).  When  the 
addition  of  the  ethyl  bromide  is  finished,  the  mixture  is  heated  to  the  boiling  point, 
until  the  dissolution  of  the  magnesium  is  completed  (3-4  hours);  the  reaction  mixture 
is  then  cooled  tol0-15°C,  and  then,  with  stirring,  a  solution  of  85  g  of  SiCl,  and 

U 

100  g  of  solvent  is  rapidly  poured  into  it.  The  mixture  is  stirred  at  room  tempera¬ 
ture  for  half  an  hour,  and  is  then  gradually  heated  to  the  boiling  point  and  held  at 
this  temperature  until  no  more  o rganomagne a ium  compound  remains  in  a  sample  of  the 
reaction  mass. 

A  qualitative  analysis  for  the  presence  of  the  organomagnesium  compound  may  be 
made  as  follows.  A  sample  1-0.5  g  of  the  reaction  mixture  is  mixed  with  half  the 
volume  of  a  1%  solution  of  Michler^s  ketone  in  benzene.  The  mixture  is  then  treated 


F-TS-9191/V 


390 


> 


with  a  few  drops  of  water  and  is  vigorously  shaken,  after  which  2-3  drops  of  a  U?  so¬ 
lution  of  iodine  in  acetic  acid  is  added.  The  appearance  of  a  green  or  blue  color 
indicates  the  presence  of  an  organomagnesium  compound  in  the  original  reaction  mix¬ 
ture.  If  the  sample  does  not  change  color,  the  synthesis  is  considered  to  have  been 
completed.  The  mixture  is  now  transferred  to  a  Wurtz  flask,  or  to  a  metal  retort, 
for  distillation  of  the  liquid  from  the  preoipitate  of  magnesium  ehlorobromide.  When 
the  distillation  under  atmospheric  pressure  has  been  completed,  the  vacuum  pump  is 
turned  on,  and  the  distillation  is  continued  until  no  more  condensate  arrives  in  the 
receiver.  The  distilled  liquid  is  rectified  in  a  column  with  20-30  theoretical  pla¬ 
tes,  the  ethyltrichlorosilane  is  collected  at  98-1  OcPc,  and  the  diethyldichlorosilane 
in  the  range  128-13 C^C.  The  yield  of  ethyltrichlorosilane  is  65  g,  or  80i£  of  theo¬ 
retical. 


If  the  object  is  to  get  mostly  diethyldichlorosilane,  the  technique  of  the  pro¬ 
cess  remains  the  same,  but  the  ratio  of  the  reagents  is  modified  (to  1  mol  of  SiCl  , 

4 

2-2.5  mols  of  magnesium  and  2.4-2 .8  mols  of  ethyl  bromide  are  taken  instead).  The 

yield  of  diethydichlorosilane  in  this  case  is  7G %  theoretical. 

The  conduct  of  the  synthesis  in  a  single  stage  makes  it  possible  in  most  cases 

easily  to  regulate  the  process  and  obtain  better  yields.  In  this  case,  it  is  more 

convenient  to  conduct  the  synthesis  by  pouring  a  mixture  of  SiCl  ,  ethyl  bromide,  sol- 

4 

vent,  and  catalytic  amounts  of  tetraethoxysilane  (in  the  ratios  indicated  above)  on¬ 
to  the  magnesium  shavings,  moistened  with  a  few  drops  of  tetraethoxysilane.  To  ac¬ 
celerate  the  process,  it  is  advisable  to  introduce  ethyl  ether  into  the  mixture  in  an 
amount  not  exceeding  1%,  The  addition  of  the  mixture  takes  3-4  hours  at  a  tempera¬ 
ture  of  45°C,  after  which  it  is  gradually  heated  to  the  boiling  point.  The  process 
is  followed,  and  the  mixture  is  separated,  according  to  the  above  described  tech¬ 


nique. 


The  use  of  ether  in  the  process  does  not  increase  the  yield  of  the  reaction  pro¬ 


duct* 
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Preparation  of  a  Mixture  of  Ethylchlorosilanes  in  an  Ether  Medium  in  Two  Stages 
(Bibl.4).  In  a  5-liter  flask,  provided  with  a  stirrer  with  mercury  seal,  a  reflux 
condenser  with  a  calcium  chloride  tube,  a  thermometer,  and  a  dropping  funnel,  178  g 
of  magnesium  shavings  and  1250  ml  absolute  ether,  containing  traces  of  iodine  are 
placed. Into  the  flask  10  ml  of  ether  bromide  is  introduced,  and  then  500  ml  of  ethyl 
bromide  and  15  ml  of  ethyl  ether  are  slowly  and  uniformly  poured  in.  The  dissolution 
of  the  magnesium  is  completed  in  3  to  4  hours,  thus  forming  a  2.5-mol  solution  of 
ethylmagnesium  bromide.  A  solution  of  ethylmagnesium  bromide  so  obtained  so  prepared 
(3  liters)  is  added  uniformly  over  a  period  of  3  hours  to  a  solution  of  345  ml  of 
SiCl^  in  625  ml  of  ethyl  ether.  When  the  addition  of  the  solution  has  been  completed, 
the  mixture  is  heated  half  an  hour  at  the  boiling  point,  after  which  it  is  cooled, 
the  liquid  is  decanted,  and  the  residue  is  extracted  with  ether.  The  excess,  after 
distilling  off  the  ether,  is  fractionated,  yielding  25-30  ml  of  a  fraction  boiling  at 
95-105°C  (impure  ethyltrichlorosilane ) ,  200  ml  of  a  fraction  boiling  at  125-135°C  (im¬ 
pure  diethyldichlorosilane),  and  25-35  ml  of  a  fraction  boiling  above  14CPC,  which 
contains  triethylchlorosilane.  Thus  the  yield  of  the  mixture  of  unpurified  ethyl- 

chlorosilanes  does  not  exceed  60 %  of  theoretical  (based  on  SiCl, )• 

4 

Ethyltrichlorosilane  (Bibl.5)  may  be  prepared  by  a  similar  method,  using  a  con¬ 
siderable  excess  of  SiCl^  (5  mols  of  SiCl^  per  mol  of  C^MgBr)  (Bibl.5).  The  yields 
of  ethyltrichlorosilane  is  48/C  (based  on  the  starting  magnesium). 

The  preparation  of  methylchlorosilanes  (Bibl.6)  by  means  of  organomagnesium  com¬ 
pounds  involves  two  basic  difficulties.  First,  the  starting  alkyl  halides,  methyl 
chloride  and  methyl  bromide,  are  gases  under  ordinary  conditions;  second,  the  organo- 

magneaium  compound  reacts  with  excessive  violence  with  the  SiCl, ,  thus  making  it  dif- 

4 

ficult  to  regulate  the  process,  and  which  may  also  lead  to  the  formation  of  consid¬ 
erable  amounts  of  tetramethylsilane  instead  of  the  methylchlorosilanes  desired. 

In  comparing  the  reactivity  of  methylmagnesium  bromide,  for  example,  with  that 
of  ethylmagnesium  bromide,  we  may  point  to  the  fact  that  on  the  action  of  a  mixture 
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of  methyl-  and  ethylmagnesium  bromides  on  triethylchlorosilane,  only  triethyl- 
methylsilane  Is  formed. 

The  high  reactivity  of  methylmagnesium  halides  forces  the  conduct  of  the  synthe¬ 
sis  of  methylchlorosilanes  under  particularly  mild  conditions. 

Preparation  of  a  Mixture  of  Methychlorosilanes  in  an  Ether  Medium.  A  mixture 
of  212.5  g  of  SiCl^  and  350  ml  of  dibutyl  ether  is  placed  in  a  5-liter  flask  provided 
with  a  stirrer  and  a  reflux  condenser.  The  flask  and  the  condenser  are  cooled  to 
-78.5°C.  To  the  mixture,  with  vigorous  stirring,  3.3  liters  of  a  molar  solution  of 
methylmagnesium  chloride  (or  bromide)  in  ether  is  added  over  a  period  of  2.5  hours. 
Then,  under  stirring,  the  mixture  is  gradually  warmed  to  room  temperature  and  allowed 
to  stand.  The  product  is  separated  from  the  residue  of  magnesium  chloride  by  decan¬ 
tation  and  extraction  with  ether.  The  ether  is  distilled  off,  and  the  residue  is 
rectified  in  a  column  of  60-70  theoretical  plates.  The  aethyltrichlorosilane  is 
collected  in  the  range  66-67°C,  and  the  diaethyldichlorosilane  in  the  range  69-7 CPC. 
The  mixture  of  methylchlorosilanes  so  obtained  consists  mainly  of  dimethyldi- 

chlorosilane  is  desired,  a  solution  of  476  g  of  SiCl  in  750  ml  of  dibutyl  ether  is 

4 

acted  on  by  2.9  liters  of  a  1.8  molar  solution  of  methylmagnesium  chloride  in  ethyl 

ether.  It  is  difficult  to  prepare  pure  trimethylchlorosilane  in  this  way,  since  it 

forms  an  azeotrope  with  SiCl,  •  It  is  far  more  convenient  to  prepare  trimethyl- 

4 

chlorosilane  from  pure  dimethyldichlorosilane  or  methyl trlchloro silane,  or  from 
mixtures  of  these  substances,  the  intermediate  fractions  collected  between  67  and 
69.5°C  on  the  rectification  of  the  methylchlorosilanes. 

Preparation  of  Trimethylchlorosilane.  In  one  liter  of  ether  is  dissolved 
429.5  g  of  a  mixture  obtained  on  the  rectification  of  the  methylchlorosilanes  at 
67-69. 5°C,  containing  2.75  mole  of  dimethyldichlorosilane  and  0.5  mol  of  methyltri- 
chlorosilane.  The  solution  is  placed  in  a  flask  cooled  by  a  mixture  of  solid  car¬ 
bon  dioxide  and  acetone.  Under  stirring,  500  ml  of  a  4*1  mol  solution  of  methyl- 
magnesiumchloride  is  gradually  added,  and  the  mixture  is  gradually  warmed  to  room 
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temperature.  The  liquid  is  then  decanted,  the  ether  is  distilled  off,  and  the  tri- 
methylchlorosilane  is  separated  by  rectification  in  a  column  with  40  theoretical 
plates. The  trimethylchlorosilane  so  prepared  has  a  boiling  point  of  57.5°C.  The 
yield  is  38.7  g  (0.35  mol). 

The  synthesis  of  the  methylchlorosilanes  from  organomagnesium  compounds  and 

SiCl.  has  not  had  practical  importance,  owing  to  the  difficulties  described  above, 

4 

on  the  one  hand,  and  also,  on  the  other  hand,  owing  to  the  simplicity  and  accessibil¬ 
ity  of  the  direct  synthesis  of  the  methylchlorosilanes  from  silicon  and  methyl 
chloride. 

The  reaction  with  methylmagnesium  chloride,  however,  still  maintains  its  import¬ 
ance  wherever  it  is  necessary  to  insert  a  methyl  radical  into  a  molecule  of  various 
alkyl  or  arylchlorosilanes. 

• » 

Many  alkylchlorosilanes  may  be  prepared  in  a  similar  way,  either  by  the  reaction 

of  an  alkylmagnesium  chloride  -with  SiCl  in  an  ether  rolution,  or  without  using  ether, 

4 

that  is,  by  the  action  of  a  mixture  of  an  alkyl  halide,  SiCl  ,  a  solvent  (benzene, 

4 

toluene,  xylene)  and  catalytic  quantities  of  tetraethoxysilane,  on  magnesium.  For 

the  synthesis  of  the  alkyltrichlorosilanes,  it  is  advisable  to  use  an  excess  of 

SiCl  (1.5-2  mo  Is  of  SiCl  to  each  mol  of  alkylmagnesiumchloride).  This  excess  of 
4  4 

SiCl.  can  easily  be  separated  from  many  alkyl-  and  arylchlorosilanes  (except  methyl- 
4 

chlorosilanes )  owing  to  their  relatively  low  boiling  points*  The  dialky ldichlorosil- 

anes  are  prepared  by  the  action  of  2.25  mols  of  an  alkylmagnesium  chloride  (or  of  the 

corresponding  amounts  of  magnesium  and  alkyl  chloride)  on  1  mol  of  SiCl  • 

4 

Trialkylchlorosilanes  are  formed  either  on  the  action  of  an  excess  of  alkyl¬ 
magnesium  halide  (4  mols)  on  1  mol  of  SiCl  ,  or  by  alkylation  of  a  dialkyldi- 

4 

chlorosilane. 

With  increasing  length  of  the  organic  radical,  the  velocity  of  the  reaction  be¬ 
tween  the  organomagnesium  compound  and  SiCl  decreases,  and  a  more  prolonged  heating 

4 

of  the  mixture  is  necessary  to  complete  it.  We  present  as  an  example  a  method  of 
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synthesizing  dodecyltrichlorosilane. 


flask  containing  12.5  g  of  magnesium  shavings  and  35  g  of  ethyl  ether,  a  solution  of 

95  g  of  dodecyl  chloride  in  68  g  of  ether  is  gradually  poured.  The  dissolution  of 

the  magnesium  is  completed  when  the  mixture  is  heated  on  a  water  bath  for  an  hour, 

after  which  the  solution  so  prepared  is  slowly  added,  with  stirring,  to  a  mixture  of 

140  g  of  SiCl,  in  150  g  of  dry  benzene.  The  reaction  is  completed  on  boiling  the 
4 

mixture  3-5  hours.  The  dodecyltrichlorosilane  is  separated  from  the  reaction  mix¬ 
ture  by  decantation,  extraction,  and  rectification.  It  boils  at  162-171°C  (18  mm). 
The  yield  of  the  product  is  67^  of  theoretical.  Tetradecyltrichlorosilane  and 
octadecyltrichlorosilane  can  be  prepared  similarly,  using  corresponding  proportions 
jf  the  reagents. 

Another  factor  which  has  a  considerably  stronger  influence  on  the  rate  of  reac¬ 
tion  of  an  alkylmagnesium  chloride  with  SiCl  is  sterlc  hindrance.  As  a  rule,  in 

4 

single-stage  alkylation,  only  a  single  branched  radical  can  be  introduced  into  the 

SiCl  molecule.  To  add  a  second  such  radical,  the  alkyltrichlorosilanes  so  obtained 
4 

must  be  acted  on  by  an  excess  of  the  organomagnesium  compound,  it  has  not  been  pos¬ 
sible,  however,  to  insert  a  third  organic  radical  into  the  compound  by  the  aid  of 
organomagnesium  compounds.  Such  reactions  are  accomplished  by  means  of  organolithium 
compounds. 


The  reaction  between  phenylmagnesium  bromide  and  SiCl  in  an  ether  solution  pro- 

4 

ceeds  readily.  In  this  case  two  chlorine  atoms  in  the  SiCl.  are  replaced.  Phenyltri- 

4 

chlorosilane  has  not  been  prepared  in  high  yield,  obviously  owing  to  the  fact  that 


the  asymetric  phenyltrichlorosilane  reacts  with  phenylmagnesium  bromide  at  a  higher 


velocity  than  the  SiCl  does.  Sven  when  an  excess  of  SiCl 

4  4 

phenyltrichlorosilanes  does  not  exceed  30£  of  theoretical. 


is  used,  the  yields  of 
When  phenylmagnesium 


bromide  acts  on  SiCl.  (2.25  mols  to  1  mol)  the  following  are  obtained:  of 

4 

phenyltrichlorosilane,  44£  of  diphenyldichlorosilane,  and  %  of  triphenylchlorosilane. 
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Koton  (Bibl.9)  has  prepared  phenylchlorosilanes  by  the  action  of  ether  solution 
of  phenylmagnesium  bromide  on  SiCl  ,  but  he  did  not  separate  the  product  from  the  re- 

u 

action  mixture,  hydrolyzing  them  instead  to  prepare  polyphenylsiloxane  resin. 

Preparation  of  Phenylchlorosilanes  in  an  Ether  Medium  (Bibl.9).  In  a  flask  pro¬ 
vided  with  stirrer,  reflux  condenser,  and  dropping  funnel,  15  g  of  magnesium  shavings 
by  iodine  are  placed,  and  a  mixture  of  100  g  of  bromobenzene  and  100  ml  of  ether  is 
then  added  dropwise.  When  the  addition  of  the  mixture  has  been  completed,  the  reac¬ 
tion  mass  is  heated  on  a  water  bath  until  the  magnesium  is  completely  dissolved. 

The  reaction  product  is  slowly  poured,  with  stirring  and  cooling,  into  a  mixture 

of  100  g  of  SiCl  and  100  ml  of  ether.  The  reaction  mass  is  heated  on  the  water  bath 

u 

and  is  held  at  boiling  point  for  2  to  3  hours.  The  precipitate  of  magnesium  chloro- 
bromide  is  removed  by  filtration,  the  ether  is  distilled  off,  and  the  residue,  a  mix¬ 
ture  of  phenylchlorosilanes  with  an  admixture  of  diphenyl,  is  hydrolyzed.  After  ex¬ 
traction,  drying,  and  evaporation,  70  g  of  polyphenylsiloxane  resin,  containing  3<# 
of  Si02,  is  separated.  The  yield  of  the  product  is  32^  of  theoretical  (based  on 

SiCl  ).  It  is  not  possible  to  establish  precisely  from  the  literature  the  quantity 

L 

and  nature  on  the  reaction  products,  but  the  low  Si02  content  in  the  reaction  pro¬ 
duct,  in  spite  of  the  obvious  presence  of  the  hydrolysis  products  of  SiCl  in  it,  is 

U 

evidence  that  not  only  phenyltrichlorosilane,  as  the  author  considers,  was  Termed 

during  the  synthesis,  but  also  diphenyldichlorosilane. 

In  a  study  of  the  reaction  of  phenylmagnesium  bromide  with  SiCl,  in  ether  solu- 

U 

tion  (Bibl.8),  it  was  found  that  the  reaction  product  contained  mixed  halo-esters, 

whose  formation  is  due  to  the  reaction  between  ether  and  SiCl, : 

U 

SiCl*  +  -- -  >  C,H,CI  -r  C,H,OSKJI, 

C,H,USiCI,  +  C|H,MxBr  >  <J,H,SiCll«X*H,)  +  M«CIBr  **. 

The  synthesis  of  phenylchlorosilanes  may  be  effected  by  the  action  of  a  suspen¬ 


sion  of  phenylmagnesium  chloride  in  xylene  on  SiCl  . 

L 


On  the  action  of  a  so- 
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lution  of  chlorobenzene  in  xylene  on  magnesium  shavings  in  the  presence  of  tetra- 

ethoxysilane,  ethyl  bromide,  and  ethyl  ether  (1%  of  the  mixture),  phenylmagneslum 

chloride  is  formed.  The  optimum  synthesis  is  at  a  temperature  of  120^0.  The  phenyl- 

magnesium  chloride  reacts  with  the  calculated  quantity  of  SiCl^  at  room  temperature. 

The  mixture  is  then  gradually  heated  until  the  organomagnesium  compound  disappears. 

The  phenylchlorosilanes  are  distilled  under  reduced  pressure  or  are  extracted  and 

then  rectified.  The  total  yield  of  phenylchlorosilane  is  6O-70£  of  theoretical, 

and  phenyltrichlorosilane  in  the  principal  reaction  product.  When  ether  solutions  of 

p-methoxy-  and  p-ethoxylmagnesium  bromides  react  with  a  benzene  solution  of  SiCl, , 

4 

the  corresponding  aryltrichlorosilanes  are  formed.  The  yield  is  20-45/f  of  theoret¬ 
ical. 


Vol’nov  and  Reutt  (Bibl.10)  conducted  the  reaction  between  SiCl  and  acetylene- 

4 

magnesium  bromide,  prepared  by  the  Iotsich  method  (without  using  ether): 


SKCX..H,). 

CjHjBr  t  Mk  —  —  •  (J$H,MgBr 

<  .jHjMtfBr  4  l!C=a  i  —  H(  =CM*Br 
JllCr-CMsBr-i-SK.U  -  »(HC ~C),SiCl  -  SMflCIBr 


The  reaction  of  acetylenemagnesium  bromide  with  SiCl  is  consisted  when  a  mix- 

L 

ture  is  heated  on  a  water  bath  for  3  to  6  hours.  The  authors  did  not  isolate  the 
product  in  the  pure  state,  but  subjected  it  to  hydrolysis,  after  first  washing  out 

the  magnesium  chlorobromide: 

2(HC£;C),SiCI  +  HjO - -  (HC^  Q^iOSi(C^CH),  +  2IICI 


The  hexaacetylenedisiloxane  obtained  as  a  result  of  the  hydrolysis  is  a  crystal¬ 
line  product  with  the  melting  point  19-20°C. 

The  di-magnesium  derivatives  of  the  alkyldihalides  or  aryldihalides  (Bibl.U) 

can  react  with  SiCl  to  add  one  or  two  silicon  atoms,  forming  either  linear  compounds 
4 

or  heterocyclic  compounds  containing  magnesium. 

The  linear  compounds  form  rigid  molecules,  for  example  the  di-magnesium  deriv¬ 
ative  of  p-dibromobenzene. 
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HrMeUl-UAteBr  2SiCI«  >  CI.SiQH.SiCI,  +  2M«CIHi- 

In  the  case  where  the  molecule  of  the  dimagneslum  derivative  does  not  have  a 
rigid  structure,  the  process  proceeds  with  the  formation  of  a  compound  containing 
silicon  in  the  ring.  Dimagnesium  dibromopentane,  for  instance,  reacts  in  such  a  way 

l  l,i.  -CH, 

HrMK(CH.,)6MKBr  -t-  SiCl, - *•  iu/  ^SiCI,  -r  2M|p:iHr 

ii/:— ci  i. 


The  dimagnesium  derivative  of  acetylene  does  not  react  with  SiCl  (Bibl.12). 

4 

Preparation  of  Cyclopentamethylenedichlorosilane.  In  a  round  bottom  flask  61  g 

of  magnesium  shavings  are  placed,  and  2  liters  of  ether  are  poured  in;  278  g  of 

1, 5 -dibromopentane,  to  which  a  very  small  amount  of  ethyl  iodide  has  been  added  to 

accelerate  the  reaction,  is  gradually  added  with  stirring.  On  the  completion  of  the 

reaction,  the  mixture  is  heated  under  a  reflux  condenser  for  3  hours,  then  it  is 

cooled,  and  a  solution  of  170  g  of  SiCl  in  200  ml  of  ether  is  rapidly  poured  into 

4 

the  flask.  The  mixture  is  stirred  for  1  hour,  and  is  then  decanted.  The  ether  is 
evaporated  and  the  residue  is  rectified.  The  reaction  product,  cyclopentamethylene- 
chlorosilane,  boils  at  165-175°C. 

The  alkylchlorosilanes  react  with  organomagnesium  compounds  according  to  the  re¬ 
action  described  for  the  reaction  with  SiCl  .  Two-stage  alkylation  is  necessary  in 

4 

the  preparation  of  dialkyldichlorosilane  containing  branched  radicals,  and  also  of 
substituted  silanes  containing  unlike  radicals  attached  to  the  silicon  atom. 

The  velocity  of  reaction  is  determined  not  only  by  the  activity  of  the  organo¬ 
magnesium  compounds,  but  also  by  the  type  and  number  of  the  organic  radicals  in  the 
original  alkyl- (aryl )-chloro silane.  The  velocity  of  the  reaction  is  considerably 
lowered  by  the  increasing  length  of  the  carbon  chain  of  the  organic  radical.  Thus, 
for  example,  when  0.5  mol  of  trimethylchlorosilane,  0.5  mol  of  triethyl chlorosilane, 
and  0.5  mol  of  ethylmagnesium  bromide  reacts  together,  trimethylethylsilane  and 
tetraethylsilane  are  formed  in  the  molar  proportions  of  2  :  1,  which  is  evidence 
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that  the  reaction  of  ethylmagnesium  bromide  with  trimethylchlorosilane  proceeds  at  a 
rate  twice  as  high  as  it  does  with  triethylchlorosilane.  Propyioagnesium  bromide 
with  the  3ame  mixture  of  triethylchlorosilane  and  trimethylchlorosilane,  forms 
trimethylpropylsilane  (and  traces  of  triethylbutylsilane). 

The  presence  of  radicals  of  higher  molecular  weight  in  the  molecules  lowers  the 
velocity  of  the  reaction  with  an  organomagnesium  compound  still  more.  The  branched 
and  cyclic  radicals  exert  a  particularly  powerful  influence.  For  example  (Bibl.14), 
on  the  action  of  an  excess  of  an  ether  solution  of  isobutylmagnesium  chloride  on  a 
benzene  solution  of  isobutyltrichlorosilane,  it  is  possible  to  obtain  only  diiso- 
butyldichlorosilane,  and  even  that  in  a  yield  not  over  20&  of  the  theoretical.  The 
reaction  of  triphenylchlorosilane  with  phenylmagnesium  bromide  takes  place  only  at  a 
temperature  of  18CPC. 

The  cyclohexyl  group  causes  even  greater  steric  hindrance.  The  reaction  between 
phenyltrichlorosilane  and  cyclohexylmagnesium  bromide  for  3  to  4  hours  at  18CPC  leads 
to  the  replacement  of  only  two  chlorine  atoms  (Bibl.15): 

<«ll»SiCI,  4-  2C.H„M*Br  •  C,Hi(C,HlI)tSiU  2MgClBr 

At  a  high  temperature,  as  a  result  of  the  oxidation  of  the  organomagnesium  com¬ 
pound,  phenyldicyclohexylcyclohexyloxysilane  is  formed: 

2C,H„MgBr  +  O,  -  »  ^HnOMgBr 

C,H„OMgBr  ,  C,H,(C,H„)^iCI  *  CtH,(C,H„)£iOC,HII  +  MgCIBr 

When  the  reaction  is  conducted  in  a  stream  of  nitrogen,  phenyldicyclohexylsilane 

C,H  (C.H  )  SiH,  is  formed  together  with  the  cyclohexylsiloxy  derivative  (Bibl.15). 
o  5  6  11  2 

It  has  not  been  possible  to  introduce  a  third  cyclohexyl  group  into  the  molecules 
under  any  conditions  at  all.  Ethylmagnesium  bromide  reacts  with  phenyl  cyclohexyl- 

o 

bromosiJLane  when  heated  for  three  hours  at  180  C,  according  to  the  equation: 

0«H,(l.,H||)5SiBr  -)-CjII,MgBr  4-  MgBr. 

All  the  above  facts  evidence  the  substantial  influence  of  steric  hindrance  on 
the  process  of  the  reaction  between  alkylchlorosilanes  and  organomagnesium  compounds. 
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The  organic  radicals,  attaching  to  a  silicon  atom  and  screening  the  other  bonds 
of  that  silicon  atom,  exert  a  decisive  influence  on  the  behavior  of  the  molecule  as 
a  whole,  giving  it  a  relative  stability  to  the  action  of  chemical  reagents. 

We  note  still  another  phenomenon  which  is  not  merely  of  theoretical  interest  but 
also  of  practical  importance.  When  chlorosilanes  react  with  alkylmagnesium  bromide, 
there  is  sometimes  an  exchange  of  the  halogen  atoms,  as  a  result  of  which  alkyl - 
bromosilanes  may  be  found  in  the  reaction  product.  For  example  (Bibl.l6),  the  action 
of  18.35  mols  of  an  ether  solution  of  ethylmagnesium  bromide  on  24  mols  of  dimethyl- 
dichlorosilane,  results  in  the  formation  of  8.33  mols  of  dimethylethylchlorosilane, 
0.723  mol  of  dimethyldiethylsilane,  and  1.506  mol  of  dimethylethylbromosilane  which 
indicates  that  the  following  reaction  takes  place: 

(CHsltSiCI,  -  —  >•  -|-  Mg(;ia 


There  are  grounds  for  asserting  that  such  an  exchange  of  halogens  is  character¬ 
istic  for  the  reactions  of  organomagnesium  compounds  with  many  alkyl- (aryl )- 

chlorosilanes,  as  well  as  with  SiCl  •  The  reaction  of  halogen  exchange  proceeds  more 

4 

intensely  at  an  elevated  temperature.  The  difficulties  of  isolating  certain  products 
in  the  individual  form  are  obviously  connected  with  this  reaction. 

When  a  method  is  selected  for  synthesising  alkyl- (aryl )-chlorosilanes  containing 
different  organic  radicals  attached  to  a  single  silicon  atom,  a  considerable  number 
of  factors  must  be  borne  in  mind:  the  different  reactivity  of  different  organo¬ 


magnesium  compounds  with  respect  to  the  -Si-Cl  bond,  the  screening  action  of  the  in- 

I 

serted  radicals  on  the  remaining  -Si-01  bonds,  the  possibility  of  the  halogen  ex- 

I 


change  reaction,  the  difficulties  of  separating  the  individual  intermediate  products, 
and,  finally,  the  difficulty  of  preparing  the  starting  organomagnesium  compounds. 

For  example,  the  processes  of  methylation  should  be,  as  far  as  possible,  avoided, 
using  methylchlorosilanes  prepared  by  the  direct  method  instead.  Further,  in  cer¬ 
tain  cases,  in  the  phenylation  of  methyltrichlorosilane,  to  obtain  a  high  yield  of 
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the  phenylmethyl  derivative,  it  is  more  convenient  to  convert  the  starting  product, 
prepared  by  the  direct  method,  into  the  substituted  ester,  by  the  action  of  absolute 
alcohol.  In  this  case,  the  process  of  phenylation  proceeds  well  in  a  single  stage 
without  the  use  of  ether: 

aUSiCh-t-a^ll.OH - >  CHaSi(OCiH,ja 

*  ■+■  Mii  ■+•  (.HjSiCOC.H,),  >  CH,(C*H,)Si(OCjH,)j  +  C,H,OM«'  I 


Another  example  is  the  synthesis  of  phenyl ethyldichlorosilane.  It  is  possible, 
in  principle,  to  conduct  this  process,  either  by  ethylation  of  phenyltrichlorosilane, 
or  by  phenylation  of  ethyltrichlorosilane.  When  the  reaction  is  conducted  according 
to  the  former  pattern,  however,  the  following  complications  arise: 

(1)  it  is  difficult  to  prepare  phenyltrichlorosilane  from  SiCl  in  sufficiently 

4 

high  yield;  (2)  the  operation  of  separating  the  high-boiling  products  is  complicated 
(phenyltrichlorosilane  at  a  boiling  point  of  20CPC,  while  phenylethyldichlorosilane 
boils  at  230PC). 

It  is  therefore  more  advisable  to  conduct  the  process  according  to  the  second 
scheme: 

<:,H,SiCI,  +  C,H,M«CI  -  >  C,l  I,(C,H,)SiCI,  +  MgCI, 


Preparation  of  Phenylethyldichlorosilane  (Bibl.17).  To  100  g  of  ethyltri¬ 
chlorosilane,  an  ether  solution  of  phenylmagnesium  bromide,  prepared  by  reacting  17  g 
of  magnesium  with  122  g  of  bromobenzene,  is  added.  The  mixture  is  stirred  for  2 
hours  at  room  temperature,  after  which,  for  completion  of  the  reaction  and  in  order 
to  convert  the  precipitate  of  magnesium  chlorobromide  into  the  crystalline  state, 
the  mixture  is  heated  on  a  water  bath.  The  precipitate  is  removed  by  filtration  or 
extraction,  the  ether  is  distilled  off,  and  the  residue  is  distilled  under  reduced 
pressure,  at  50  ram.  The  yield  of  phenylethyldichlorosilane  is  AC#  of  theoretical. 

The  process  may  also  be  conducted  by  reacting  ethyltrichlorosilane  with  an 
equimolecular  amount  of  phenylmagnesium  chloride  without  using  ether. 

In  selecting  the  conditions  of  the  synthesis,  and  also  if  it  is  not  necessary 
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to  separate  the  individual  products,  the  synthesis  of  chlorosilanes  containing  two 
unlike  organic  radicals  may  be  accomplished.  This  is  done  by  the  action  of  a  solu¬ 


tion  of  two  organomagnesium  compounds  on  SiCl  ,  or  on  the  action  of  a  mixture  of 

A 

SiCl  and  two  halogen  derivatives  on  magnesium.  In  this  way,  for  example,  phenyl- 
4 

ethyldichloro silane  can  be  prepared. 


Sin  4  -t  <  ,H,Br  -4  - ►<  .H,(<  I..  ■+•  ,M«<  I..  n  MH.IBi 


The  reaction  product  contains  various  alkyl-  and  arylchlorosilanes,  and  it  i3  an  ex¬ 
ceptionally  difficult  task  to  separate  the  mixture  into  the  individual  compounds. 

When  trichlorosilane  reacts  with  organomagnesium  compounds,  the  Si-H  bond  is  in 

all  cases  maintained,  and  the  reaction  products  are  either  alkyl chlorosilanes, 

HSiR  Cl  ,  or  alkylsilanes,  HSiR  • 
x  3-x  3 

Alkylation  and  Arylation  of  Trichlorosilane  (Bibl.18).  1.  To  50  ml  of  a  solu¬ 

tion  of  175  g  of  methylmagnesium  bromide  in  ethyl  ether,  under  cooling  with  brine  and 
stirring,  a  solution  of  60  g  of  trichlorosilane  in  150  ml  of  ether  is  gradually  added. 
The  reaction  product  is  acidified  with  sulfruic  acid,  the  organic  layer  is  separated, 
and  the  ether  and  trimethylsilane  are  distilled  off  on  the  water  bath.  The  tri- 
methylsilane  may  then  be  separated  from  the  ether  by  rectification  in  a  low-tempera¬ 
ture  column.  Its  boiling  point  is  9-ll°C. 

2.  To  135.5  g  of  trichlorosilanes  dissolved  in  100  ml  of  ether,  under  cooling 
with  ice,  a  solution  of  2.5  mols  of  ethylmagnesium  bromide  in  100  mols  of  ether  is 
added.  The  mixture  is  heated  4  hours;  the  precipitate  is  separated,  and  the  ether  is 
distilled  off.  Rectification  yields  39  g  of  ethyldichlorosilane,  (boiling  point 
74.5-75* 5°C0)  and  30  g  of  diethylchlorosilane,  (boiling  point  99-1 OC^C ).  The  higher 
alkyldichlorosilanes,  up  to  oxtadecyldichlorosilane,  may  be  prepared  in  a  similar 


way. 

3.  A  soltuion  of  6  mols  of  phenylmagnesium  bromide  in  ether  is  added  to  6  mols 
of  trichlorosilane  at  -50°C.  The  mixture  is  gradually  warmed  to  room  temperature, 
and  the  ether  is  distilled  off.  The  liquid  is  then  separated  from  the  precipitate 
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by  vacuum  distillation  to  165°C  (5  mm).  Rectification  yields  188  g  of  phenyldi- 
chlorosilane .boiling  point  98°C  (51  mm),  as  well  as  diphenylchlorosilane,  boiling 
point  140-145°C  (7  mm)# 

4.  A  mixture  of  0.6  mol  of  benzylmagnesium  bromide  in  ether  solution  and  0.3  mol 
of  trichlorosilanes  is  allowed  to  stand  17  hours  at  room  temperature,  and  it  is  then 
heated  8  hours  on  a  water  bath.  Filtration  and  rectification  yield  28.2  g  of  di- 
methylchlorosilane,  boiling  point  156-l6l°C  (6  mm). 

Reaction  of  0.3  mol  of  benzylmagnesium  chloride  with  0.3  mol  of  trichlorosilane 
under  similar  conditions  yields  11.7  g  of  benzyldichlorosilane. 

Under  the  action  of  organomagnesium  compound  on  hexachlorodisilane  and  hexa- 
chlorodisiloxane,  the  replacement  of  the  halogens  is  complete,  while  the  Si-Si  or. 
Si-O-Si  bonds  are  preserved  (Bibl.19).  In  this  way,  hexaphenyldisilane  in  40?  yield 
and  hexatolyldisilane  in  30£  yield  may  be  prepared  from  hexachlorodisilane.  When 
smaller  quantities  of  the  alky- (aryl )-magnesium  chloride  are  used  in  the  reaction, 
products  of  incomplete  substitution,  alkychlorodisilanes,  may  be  prepared.  In  con¬ 
trast  to  hexachlorodisilane,  when  hexabromodisilane  reacts  with  organomagnesium  com¬ 
pounds,  only  derivatives  of  monosilanes  are  formed,  alkylbromosilanes  or  tetra- 
alkylsilanes. 

When  a  solution  of  ethylmagnesium  bromide  acts  on  hexachlorodisilane,  from  1  to 
6  chlorine  atoms  may  be  replaced  by  ethyl  radicals. 

Preparation  of  Ethylchlorodlsiloxanes.  To  prepare  compounds  of  the  desired  de¬ 
gree  of  substitution,  ethylmagnesium  bromide  in  25<  excess  (over  the  theoretical 
amount)  is  added  to  a  solution  of  1  mol  of  hexachlorodisiloxane  in  1  liter  of  ether. 
The  mixture  is  heated  3-6  hours,  after  which  the  residue  is  filtered  off  and  the 
filtrate  is  rectified.  Depending  on  the  amount  of  ethylmagnesium  bromide  taken  in 
the  reaction,  products  of  substitution  of  1,  2,  3,  and  4  chlorine  atoms  in  the  hexa- 
chlorodisiloxanes  are  obtained  in  40,  87,  85,  and  78^  of  the  theoretical  yields, 
respectively. 


F-TS-9191/V 


403 


Pentaethylchlorodisiloxane  may  be  prepared  in  12%  yield  from  triethyltri- 
chlorodisiloxane . 

((:2IIJjaCISiOSi(CtH,)CI,  +  2CtH»M*Br  >  (C,H,),SiOSi(C,H,),CI  r  2MgCIBr 

The  process  is  completed  when  the  mixture  is  heated  10-12  hours. 

On  the  reaction  between  2.4  mols  of  methylmagnesium  chloride,  0.1  mol  of  methyl- 
magnesium  iodide,  and  1  mol  of  hexachlorodisiloxane,  dimethyltetrachlorodisiloxane 
is  formed  in  yield  of  565?  of  the  theoretical. 

<:i,Si,C)  +-  2CHjMgCI  —  >  CH*Sia,OSiU,CH,  + 

When  2.85  mols  of  phenylmagnesium  bromide  reacts  with  1  mol  of  hexachlorodisiloxane, 
diphenyltetrachlorodisiloxane  is  formed.  The  yield  is  17.5^  of  theoretical.  When 
an  excess  of  phenylmagnesium  bromide  is  used,  hexaphenyldisiloxane  may  be  prepared  in 
a  yield  kO%>  of  the  theoretical. 

Preparation  of  Alkyl- (Aryl )-Chlorosllane8  by  Means  of  Organolithlum  Compounds 

The  preparation  of  alkyl-  and  (aryl)-chlorosilanes  by  means  of  organolithlum 
compounds  is  the  most  universal  and  flexible  method  of  synthesis.  The  high  cost  of 
lithium  makes  it  difficult  to  use  the  method  a  large  scale,  but  in  some  cases  it  is 
indispensible  in  laboratory  practice.  The  reaction  between  the  silicon  halides  and 
organolithlum  compounds  proceeds  easily  and  in  high  yield  even  in  those  cases  when 
alkylation  by  the  aid  of  organomagnesium  compounds  cannot  be  effected,  owing  to 
steric  hindrance  and  the  inadequate  activity  of  the  organomagnesium  compounds.  The 
reaction  of  alkylation  by  organolithlum  compounds  differs  favorably  from  the  alkyl¬ 
ation  reactions  using  sodium,  as  well,  since  the  former  makes  good  control  of  the 

4 

process  of  synthesis  possible. 

Organolithlum  compounds  (6ibl.20)  are  most  often  prepared  by  the  action  of 
metallic  lithium  on  an  alkyl  halide: 
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RLi  -r-  1-iX 


Better  yields  of  lithium  alkyls  are  obtained  when  alkyl  chlorides  are  used  (ex¬ 
cept  for  methyllithiums,  which  is  prepared  from  methyl  iodide),  while  the  better 
yields  of  aryllithium  compounds  are  obtained  when  arylbromides  are  used.  The  reac¬ 
tion  between  lithium  and  an  alkyl  chloride  proceeds  in  the  presence  of  ether,  pet¬ 
roleum  ether,  or  cyclohexane,  while  the  reaction  with  an  aryl  bromide  takes  place 
only  in  an  ether  medium.  Owing  to  the  exceptional  sensitivity  of  organolithium  com¬ 
pounds  to  the  action  of  atmospheric  oxygen,  all  work  with  them  is  done  only  in  an 
atmosphere  of  nitrogen.  We  present  examples  of  the  preparation  of  alkyl-  and 
arylchlorosilanes  by  the  aid  of  organolithium  compounds  (Bibl.21,  22). 

Preparation  of  Triphenvlchlorosllane.  A  stream  of  dry  nitrogen  is  thoroughly 
blown  for  2  hours  through  a  flask  provided  with  a  stirrer  and  mercuiy  seal.  Then 
120  ml  of  absolute  ether  is  introduced,  followed  by  6.6  g  of  finely  ground  lithium 
(see  below  for  the  techinque  of  grinding).  The  stirrer  is  started,  and  the  small 
amount  (1.5-2  ml)  of  bromobenzene,  out  of  the  total  quantity  of  62.7  g  necessary 
for  the  reaction,  is  poured  into  the  reaction  flask  with  stirring.  If  the  reaction 
does  not  begin,  the  flask  is  slightly  heated  on  the  water  bath  until  the  exothermic 
process  does  begin.  The  bromobenzene  is  now  diluted  with  120  ml  of  ether  and  intro¬ 
duced  into  the  flask  over  the  period  of  about  1  hour  (the  reaction  is  conducted  at 
the  boiling  point  of  ether),  after  which  the  mixture  is  heated  for  an  hour,  and  is 
then  filtered  under  pressure  of  dry  nitrogen.  The  phenyllithium  solution  so  obtained 

is  added  with  stirring  to  18  g  of  SiCl  dissolved  in  30  ml  of  ether,  and  the  mixture 

4 

is  heated  2  hours  on  the  water  bath.  The  reaction  product  is  separated  by  filtration 
followed  by  rectification.  If  the  reaction  mixture  is  subjected  to  hydrolysis,  tri- 
phenylsilanol  can  be  obtained  in  a  yield  of  97#  of  the  theoretical. 

Technique  of  Grinding  Metallic  Lithium.  Mineral  oil,  purified  by  sulfuric  acid 
and  activated  charcoal,  is  heated  2U  hours  with  metallic  sodium  at  25CPC.  The 
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sodium  is  removed  and  the  oil  is  purified  a  second  time.  Metallic  lithium  is  intro¬ 
duced  into  the  purified  oil,  the  oil  is  heated  to  a  temperature  of  25CPC,  and  is 
stirred  by  a  rapidly  rotating  wire  stirrer.  After  the  lithium  has  been  ground,  the 
oil  is  cooled,  and  the  lithium  powder  so  obtained  is  removed,  while  the  oil  is  washed 
with  ether.  The  lithium  so  comninuted  can  maintain  its  activity  only  for  a  few  hours 
and  only  if  kept  in  a  nitrogen  atmosphere. 

By  the  aid  of  organolithium  compounds  it  is  possible  to  prepare  tertiary  butyl 
trichlorosilane  and  dibutyldichlorosilane,  which  cannot  be  prepared  with  organo- 
magnesium  compounds,  and  also  triisopropylsilane,  which  is  difficult  to  prepare  in 
that  way. 

It  was  not  possible  to  prepare  tert-tributylchlorosilane,  even  when  a  mixture 
of  tert-dibutyldichlorosilane  and  tert-butyllithium  is  heated  at  16CPC. 

Preparation  of  Tertiary  Butyltrichlorosilane.  For  the  preparation  of  tert- 
butyllithium,  3.5  g  of  lithium,  ground  by  the  technique  above  described,  is  placed  in 
a  reaction  bath  together  with  0.1  g  of  magnesium  powder.  Into  the  flask  are  now 
poured  150  ml  of  petroleum  ether,  after  which  27  ml  of  tert-butyl  chloride  is  added, 
with  stirring,  over  a  period  of  6  hours.  The  yield  of  tert-butyllithium  is  50£  of 
theoretical.  When  the  butyllithium  so  obtained  is  added  to  a  solution  of  SiCl^  in 
petroleum  ether,  and  the  mixture  is  heated  on  the  water  bath  tert-butyltrichloro- 
silane  is  formed.  The  yield  of  the  product  does  not  exceed  5556  of  the  theoretical 
(based  on  the  butyllithium  taken).  Tertiary  butyltrichlorosilane  is  a  substance 
crystalline  substance  which  readily  sublimes,  and  melts  at  98-99°C. 

Tert -butyltrichlorosilane  can  be  prepared  by  another  method  in  better  yield. 

By  this  method,  metallic  lithium  is  rolled  by  special  rollers,  under  a  layer  of  min¬ 
eral  oil,  into  thin  foil,  which  is  cut  into  pieces  1  cm^  in  size.  The  oil  is  poured 
off  and  the  lithium  is  washed  with  ether.  Pentane,  treated  with  sulfuric  acid  with 
stirring  for  three  days,  is  used  as  a  solvent  for  this  synthesis.  Before  use,  the 
pentane  is  distilled,  and  the  fraction  boiling  at  35-36°C,  is  used  for  the  synthesis. 
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Freshly  distilled  tert-butylchloride  is  used  for  the  synthesis;  boiling  point 
50. C^C,  refractive  index  ■  1.3850. 

In  a  1-liter  3-neck  flask,  15.5  g  of  lithium  foil  (prepared  as  described  above, 
which  has  not  come  in  contact  with  air)  and  375  ml  of  pentane,  are  placed.  The  mix¬ 
ture  is  heated  to  boiling,  after  which  a  tenth  part  of  a  solution  of  92.5  g  of  tert- 
butylchloride  in  300  ml  of  pentane  is  introduced  into  the  flask.  After  the  beginning 
of  the  exothermic  reaction,  the  source  of  heat  is  withdrawn  from  the  flask.  The  re¬ 
mainder  of  the  solution  of  tert-butyl  chloride  is  added  with  vigorous  stirring  over 
a  period  of  6  hours.  After  the  addition  has  been  completed,  the  reaction  mixture  is 
heated  for  a  further  period  of  2  hours.  The  yield  of  tert-butyllithium  is  from  60  to 
75^.  To  a  cool  solution  of  tert-butyllithium,  170  g  of  freshly  distilled  SiCl^  is 
added;  the  mixture  is  heated  for  an  hour,  after  which  the  reaction  product  is  sepa¬ 
rated  by  decantation,  extraction,  and  distillation.  The  yield  of  tert-butyltri- 
chlorosilane  is  75/6  of  theoretical,  and  the  boiling  point  is  132°C  (730  mm). 

Preparation  of  Tertiary  Dibutyldichlorosilane.  A  solution  of  0.72  mols  of  tert- 
butyllithium  in  750  ml  of  pentane  is  placed  in  a  flask  serving  as  the  retort  for  a 
rectification  column  and  provided  with  a  stirrer.  To  the  solution,  135  g  of  tert- 
butyltrichlorosilanes  is  added,  and  the  mixture  is  heated  A  days,  gradually  distill¬ 
ing  off  the  pentane  at  the  same  time.  At  the  end  of  the  process,  the  temperature  in 
the  reaction  flask  is  7CPC.  After  the  end  of  the  reaction,  500  ml  of  pentane  is  in¬ 
troduced  into  the  flask,  together  with  52  g  of  SiCl^  to  decompose  the  unreacted 
butyllithium.  The  mixture  is  stirred  for  an  hour,  after  which  the  liquid  is  decanted 
and  rectified.  At  19CPC  (729  m),  90.3  g  of  tert-butyldichlorosilane  is  collected. 

Preparation  of  Isopropvlchlorosilanes.  The  reaction  between  6.8  g  of  SiCl^  and 
0.2  mol  of  isopropyllithium  in  250  ml  of  petroleum  ether,  under  the  conditions  de¬ 
scribed  above,  yields  5.8  g  of  isopropyltrichlorosilane,  or  68 %  of  theoretical. 

On  the  reaction  of  isopropyllithium  with  trichloro silane,  the  replacement  of 
1,  2,  3  chlorine  atoms  also  takes  place.  In  the  latter  case,  at  a  temperature  of 
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-5°C  to  -lO^C,  a  solution  of  1.5  mol  of  isopropyllithiua  in  1.5  1  ether  is  added  to 
a  solution  of  4.6  g  of  trichlorosilane  in  100  ml  of  ether.  When  the  introduction  has 
been  completed,  the  mixture  is  held  for  15  hours  at  room  temperature,  and  then  for 
21  hours  at  the  boiling  point  of  ether.  On  hydrolysis  of  the  reaction  mixture,  which 
takes  place  when  it  is  poured  onto  a  mixture  of  ice  and  sulfuric  acid,  a  mixture  of 
diisopropylsilanol  in  11$  yield  and  tetraisopropylsilanediol  in  42$  yield  is  formed. 

When  trichlorosilane  reacts  with  an  organolithium  compound,  the  Si-41  bond  may  be 
preserved,  which  indicates  the  relatively  lower  reactivity  of  the  hydrogen  attached 
to  the  silicon  with  respect  to  the  organolithium  compounds,  by  comparison  with  the 
chlorine  attached  to  the  silicon.  Under  more  severe  conditions,  however,  the  hydro¬ 
gen  attached  to  the  silicon  is  able  to  react  with  organolithium  compounds  to  form  • 
lithium  hydride  and  an  alkyl silane. 

Alkylation  by  the  aid  of  lithium  may  also  be  conducted  in  a  single  stage. 

Preparation  of  a  Mixture  of  Butylchlorosilanes.  To  a  mixture  of  100  ml  of  ether 
and  2.6  g  of  butyl  bromide,  3.47  g  of  lithium  is  added,  after  which  a  solution  of 
42.5  g  of  SiCl^  in  38.6  g  of  butylbromide  is  also  added.  The  mixture  is  heated  on 
the  water  bath  for  5  hours,  after  which  the  butyltrichlorosilane  may  be  separated  by 
extraction  and  rectification,  or  it  may  be  hydrolysed. 

When  SiCl^  reacts  with  a  large  excess  of  cyclohexyllithium,  the  only  product  of 
the  reaction  is  tricyclohaxylchloro silane. 

Preparation  of  Tricyclohexychloro silane.  To  lithium  foil  under  a  layer  of  pe¬ 
troleum  ether,  95  g  of  cyclohexyl  chloride  is  added  gradually  over  a  period  of  4 
hours.  The  reaction  begins  on  heating,  and  then  continues  owing  to  self -heating. 

To  the  solution  of  the  organolithium  compounds  so  obtained,  a  solution  of  17  g  of 
SiCl^  and  50  ml  of  petroleum  ether  is  gradually  added  with  stirring  and  cooling  with 
ice.  After  standing  over  night,  the  precipitate  is  filtered  off,  and  the  excess  of 
organolithium  compound  is  decomposed  with  6  N  HC1.  The  organic  layer  is  separated, 
dried  over  calcium  chloride,  and  the  solvent  is  distilled  off,  giving  a  viscous  oil, 

406 
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which  is  crystallized  from  glacial  acetic  acid,  and  is  recrystallized  from  petroleum 
ether.  The  product  so  obtained,  tri cyclohexyl chlorosilane,  has  a  melting  point  of 
101-1 02°C. 

Tricyclohexylchlorosilane  does  not  react  with  methylmagnesiua  iodide  nor  with 
methyllithium,  even  when  an  ether  or  toluene  solution  of  a  mixture  of  the  components 
is  boiled.  When  tricyclohexylchlorosilane  is  heated  with  metallic  sodium  in  a  medium 
of  toluene,  to  boiling,  no  reaction  is  observed,  either. 

Under  the  action  of  lithium-aluminum  hydride  on  tricyclohexylchlorosilane,  it 
can  be  reduced  to  tricydoheoqrlsilane. 

Preparation  of  Tricyclohexvlsilane.  To  tricyclohexylchlorosilane,  dissolved  in 
ether,  an  excess  of  lithium-aluminum  hydride  in  ether  solution  is  added  dropwise. 
After  the  reaction  mixture  has  been  boiled  for  half  an  hour,  the  ether  is  distilled 
off,  and  the  residue  is  dissolved  in  petroleum  ether.  The  solution  is  heated,  and 
the  residue  of  unreacted  hydride  and  mineral  salts  is  filtered  off.  The  solvent  is 
then  distilled  off. 

The  yield  of  the  product  is  8Q&  of  theoretical. 

Tri  cyclohexyl  silane,  (C^HuJ^SiH  is  an  oily  liquid;  boiling  point  183-185°C 
(9  on);  refractive  index  n^5  -  1.5132.  It  does  not  crystallize,  even  when  cooled 
with  a  mixture  of  solid  C02  and  alcohol. 

Tricyclohexylsilane  is  easily  brominated  in  the  cold  in  a  solution  of  CCl^; 
yielding  tricyclohexylbromosilane  in  quantitative  yield;  melting  point  112-113 °C, 

When  tricyclohexylsilane  is  boiled  2  hours  with  a  solution  of  iodine  in  CCl^,  tri- 
cyclohexyliodosilane  is  formed,  which  is  crystallized  from  petroleum  ether  and  re¬ 
crystallized  from  ethanol;  melting  point  97-98°C.  The  yield  is  5#.  Tricyclo- 
hexylio do silane  decomposes  easily  in  the  light,  liberating  iodine. 

When  tricyclohexylsilane  is  boiled  with  an  excess  of  5%  alcoholic  KOH,  tri- 
cyclohexylsilanol,  (C^H^J^SiOH,  is  formed.  To  the  reaction  mixture,  to  separate 
this  product,  an  equal  volume  of  water  is  added,  and  the  (C^H^ ^SiOH  is  then  thrown 


F-TS-9191/V 


409 


down  as  a  precipitate.  The  product  is  crystallized  from  ethyl  ether  and  recrystal¬ 
lized  from  petroleum  ether;  melting  point  176-177°C.  The  yield  is  When  tri- 

cyclohaxylsilanol  is  boiled  with  acetic  anhydride,  tricyclohexylacetoxysilane, 

(C6H11 ^SiOCOCEj,  is  formed,  and  is  precipitated  from  the  reaction  mixture  when  it  is 
cooled  to  0°C  under  vigorous  stirring*  To  purify  the  product  it  is  washed  with 
ethanol;  melting  point  82-83°C.  Yield,  80£  of  theoretical. 

By  the  aid  of  organolithium  compounds  it  is  possible  to  prepare  alkyl-(aryl)- 
chlorosilanes  containing  the  most  varied  organic  groups,  for  example,  1-methoxy- 
4-bromophenyltrichlorosilane  ,etc  •  Organolithium  compounds  are  very  often  irreplacible 
reagents  for  the  synthesis  of  tetra-substituted  silanes. 

Preparation  of  Alkrl-(Arrl  )-Chloroailanes  by  the  Aid  of  Organo sodium  Compounds 

The  method  of  preparing  alkyl-  and  arylchlorosilanes  by  the  aid  of  organo sodium 
compounds  is  of  considerably  less  value  than  the  methods  described  above.  This  is 
because  this  reaction  is  very  difficult  to  control.  The  liberation  of  a  considerable 
amount  of  energy  on  the  reaction  of  an  organo  sodium  compound  with  a  halosilane  at  the 

I 

first  Si-Cl  bond  encourages  the  reaction  at  all  the  remaining  -Si-Cl  bonds,  so  that, 

for  example,  for  SiCl^  the  process  is  completed  almost  quantitatively  with  the  form¬ 
ation  of  the  tetra-substituted  product  SiR^.  When  the  usual  measures  of  precaution 
are  observed,  and  when  an  excess  of  chlorosilane  is  used,  a  certain  amount  of  alkyl- 
chlorosilanes  can  be  obtained  as  a  result  of  the  reaction.  Thus,  for  instance,  on 
the  reaction  between  sodium,  SiCl^,  and  ethyl  bromide,  the  ratio  between  diethyldi- 
chlorosilane,  trlethylchlorosilane,  and  tetraethylsilane  is  1  :  1  :  2  (Bibl.23). 

When  phenylsodium  acts  on  SiCl^,  phenyltri chlorosilane  can  be  obtained  in  low 
yield.  However,  in  evaluating  the  method  of  preparing  alkyl- (aryl )-chloro silanes 
by  the  aid  of  organosodium  compounds,  it  must  be  borne  in  mind  that  the  process 
gives  satisfactory  yields  only  with  the  simplest  aromatic  radicals;  the  alkylsilanes 
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usually  give  a  low  yield,  (even  when  all  the  reaction  products,  both  alkylchloro- 
silanes  and  tetra-substitution  products  are  taken  into  account).  If,  however,  the 
molecule  of  the  halogen  derivative  has  a  long  or  highly  branched  chain,  or  a  func¬ 
tional  group  in  the  phenyl  nucleus  (nitrochlorobenzene,  me  thoxy chlorobenzene,  etc), 
it  is  not  possible  to  run  the  reaction  at  all.  Certain  unsaturated  derivatives,  for 
instance  sodium  acetylide,  likewise  do  not  react  at  all. 

The  synthesis  of  the  alkyl-  and  arylchlorosilanes  by  means  of  organo sodium  com¬ 
pounds  has  no  practical  application. 

Preparation  of  Alkyl-(Aryl)-Chlorosilanes  by  the  Aid  of  Organnmwmipy  and  Orvanozinc 
Compounds 

Phenyltrichlorosilane  was  first  prepared  (Bibl.24)  by  prolonged  heating  of  100  g 
of  diphenylmercury  with  50  g  of  SiCl^  in  a  sealed  tube  at  30CPC: 

SiCI«  +  Hg(C,H,), - *  C,H,SiCI,  +  C,H,HgCI 

Tolyltrichlorosilane  can  be  similarly  prepared.  At  the  present  time,  this 
method  is  of  no  practical  importance,  owing  to  the  difficulties  of  conducting  the 
process,  the  low  yields,  and  the  toxicity  of  mercury. 

Dimethylmercury,  trimethyl  al  uminum,  and  dimethylzinc  do  not  react  with  SiCl^ 
(Bibl.25). 

Diethvichlorosilane  may  be  prepared  by  means  of  diethylzinc: 

SiCI,  +  i,  )t  (CfH,)fSiClf  ■+•  ZnCI, 

Preparation  of  Diethylchlomallftna  (Mbl  .261.  Zinc  dust,  containing  0.5-1*  of 
copper,  is  washed  with  concentrated  HC1  and  water,  and  is  dried  in  a  stream  of  hy¬ 
drogen;  16  g  of  the  zinc  dust  so  treated  is  placed  in  a  flask,  provided  with  a 
stirrer,  together  with  50  g  of  ether.  While  stirring  the  contents  of  the  flask,  a 
mixture  of  20  g  of  ethyl  iodide  and  11.5  g  of  SiCl^  is  gradually  introduced.  The 
mixture  is  heated  to  the  boiling  point  over  a  period  of  8  hours,  after  which  the 
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diethyldichlorosilane  may  be  either  separated  by  extraction  and  rectification,  or 
hydrolyzed;  in  this  case  liquid  polydiethylsiloxane  is  formed.  The  yield  is  12%  of 
theoretical.  Diethyldichlorosilane  is  also  prepared  by  the  reaction  of  1  mol  of 
SiCl^  with  2  mols  of  ethylzinc  bromide  over  a  period  of  6  hours  at  the  boiling  point 
of  ethyl  ether.  Ethylzinc  bromide  is  formed  on  heating  zinc  dust,  activated  with  HC1 
with  ethyl  bromide  in  the  presence  of  ether  for  36  hours.  In  this  case,  85#  of  the 
zinc  is  dissolved. 


Direct  Synthesis  of  Alkyl- (Aryl )-Chlorosilanea 


The  reaction  between  elementary  silicon  and  a  gaseous  alkyl  halide  at  an  eleva¬ 
ted  temperature,  is  extremely  important  for  the  synthesis  of  organosilicon  compounds. 
In  the  ideal  case,  the  process  may  be  represented  as  follows: 

iSi  +  4RCI  - ►  RSiCI,  +  RjSiCI  (I  ) 


Si  +  2RCI - >  RjSiCI,  (2) 

» 

the  first  reactions  being  of  principal  importance,  and  the  second  subordinate.  In 
practice,  however,  the  reaction  between  silicon  and  an  alkyl  halide  yields  a  large 
number  of  the  most  varied  products,  liquid  (RgSiClj,  RSiCl^,  R^SiCl,  RSiHCl^,  SiCl^, 
HSiCl-}),  gaseous  (RH,  R-R,  Hj)  and  solid  (carbon). 

This  process  may  be  conducted  without  using  a  catalyst,  but  in  this  case  the 
reaction  proceeds  slowly,  and  the  relative  importance  of  the  pyrolytic  processes  is 
great,  so  that  the  products  of  the  reaction  consists  mainly  of  the  chlorosilanes  with 
a  high  chlorine  content  (SiCl^,  RSiCl^,  R3iHCl2).  The  use  of  a  copper  catalyst  (or 
also  of  a  silver  catalyst  for  the  arylchlorosilanes )  accelerates  the  reaction,  and 
allows  its  temperature  to  be  lowered  and  brings  the  process  close  to  the  ideal  mech¬ 
anism  described  by  reactions  (1)  and  (2). 

The  reaction  between  silicon  and  an  alkyl  halide  is  an  exothermic  process. 

The  principal  raw  material  for  the  synthesis  of  alkylhalosilanes  is  silicon  or 
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ferrosilicon  containing  not  loss  than  90£  of  silicon*  The  best  results  are  obtained 
when  silicon  of  the  first  grade  (nark  KR-1)  is  used,  which  usually  contains  99. 5$  of 
silicon.  Either  electrolytic  copper  or  copper  prepared  by  reduction  from  its  sales 
is  used  as  a  catalyst.  The  starting  alkyl  chloride  must  not  contain  traces  of  mois¬ 
ture,  alcohols,  or  other  impurities. 

A  number  of  methods  for  preparing  the  mixture  of  silicon  and  catalysts,  the  con¬ 
tact  mass,  are  described  in  the  literature.  We  give  three  of  the  most  important 
methods: 

1.  Fusion  of  copper  with  silicon  in  a  reducing  medium,  followed  by  rapid  cooling 
of  the  alloys  so  prepared  to  prevent  segregation  of  the  copper.  When  the  alloy  is 
cooled,  according  to  the  type  of  contact  apparatus,  it  is  ground  either  into  lumps 
10-15  ami  in  sise,  or  is  ground  into  dust  on  a  ball  mill. 

2.  A  mixture  of  finely  ground  silicon  and  copper  ponders  is  compressed  into 
tablets  under  a  pressure  of  the  order  of  5000  kg/cm2,  and  tablets  are  reduced  in  an 
atmosphere  of  hydrogen  at  a  temperature  up  to  106cPc  to  increase  the  catalytic  activ¬ 
ity  of  the  mass. 

3.  Mixing  the  pondered  silicon  and  copper  and  cuprous  chloride,  compression  into 
tablets,  drying,  and  reduction  of  the  tablets  at  30CPC  according  to  the  formula: 

Si  -h  2CujClj  — -*•  SiCI«  +  «:u 


The  conduct  of  the  reaction  between  the  alkyl  halide  and  the  contact  mass  in¬ 
volves  no  difficulties  and  can  be  accomplished  in  any  laboratory. 

Method  of  Conducting  the  Direct  Synthesis  of  Alkrl-  and  Arrlhalosilanes.  Into 
a  glass,  porcelain  or  steel  tube  (best  of  copper-lined)  50  mm  in  diameter  and  1  m 
long,  500  g  of  the  contact  mass  ground  into  lumps  10  an  in  sise  is  charged.  The  tube 
is  heated  from  without  in  a  tubular  muffle  furnace.  The  gaseous  alkyl  halide  enters 
the  contact  tube  from  a  cylinder  through  a  receiver  and  washer  with  sulfuric  acid, 
and  a  flow  meter.  The  liquid  halogen  derivatives,  for  instance  chlorobenzene,  enter 
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from  a  dropping  funnel  through  a  pressure  tube  about  0.5  n  high  to  overcome  the  in¬ 
significant  pressure  in  the  apparatus  (for  this  purpose  the  upper  part  of  the  drop¬ 
ping  funnel  may  also  be  connected  with  the  contact  tube).  Before  the  beginning  of 
the  process,  the  contact  mass  is  dried  in  a  stream  of  inert  gas  at  a  temperature  of 
2<XPC  until  all  traces  of  moisture  in  the  waste  gases  have  disappeared  (tested  by 
passing  the  gases  through  anhydrous  copper  sulfate).  If  the  contact  mass  has  been 
prepared  from  cuprous  chloride,  its  temperature  is  brought  up  to  30CPC,  and  in  1 
minute  an  exothermic  process  of  reduction  takes  place,  liberating  SiCl^*  After  the 
reduction  a  stream  of  inert  gas,  is  blown  through  the  contact  mass. 

The  contact  mass  is  heated  to  the  temperature  required  for  the  synthesis,  after 
which  a  stream  of  gaseous  alkyl  halide  is  passed  through  the  mass  at  the  rate  of 
about  30  liter/hour,  or  of  liquid  alkyl  halide  at  a  rate  of  20  g/hour.  The  reaction 
products,  condensing  in  the  water-cooled  condenser,  flow  off  into  the  receiving 
flask.  If  the  synthesis  is  conducted  with  a  gaseous  alkyl  halide,  the  receiver  is 
provided  with  a  reflex  condenser  cooled  by  ice  or  brine.  The  waste  gases  pass  into 
a  condenser  cooled  by  a  mixture  of  acetone  and  solid  carbon  dioxide,  to  condense  the 
unreacted  alkyl  halide. 

The  mechanism  of  the  reaction  between  the  alkyl  halide  and  the  silicon  has  not 
yet  been  definitively  established.  The  following  course  of  the  process  is  the  most 
probable  (Bibl.27,  28).  The  metallic  copper  reacts  with  the  alkyl  chloride  at  the 
temperature  of  synthesis,  forming  alkyl  copper  ohlorlde : 

Cu  +  RCI  -  -*  RCuCI 

which,  in  the  presence  of  silicon,  is  capable  of  dissociating  into  the  radicals: 

RCuCI  •-  ►  Cu  -i  R*  h-ci* 

The  free  radicals  so  formed  react  with  silicon: 


F-TS-9191/V 


04 


Si  +  K-  +  Cl*  - *  R-Jii-U 

I 

The  free  valences  of  the  silicon  may  then,  depending  on  the  reaction  conditions,  be 
saturated  by  organic  radicals,  chlorine,  or  by  the  hydrogen  formed  as  a  result  of 
pyrolytic  processes* 

At  the  temperature  of  synthesis,  the  free  radicals  are  subjected  to  pyrolysis, 
but  also  enter  into  the  most  diverse  combinations,  as  a  result  of  which  a  number  of 
hydrocarbons  as  well  as  hydrogen  and  carbon,  are  formed*  The  latter  accumulates  in 
the  contact  mass  in  the  form  of  ooke,  which  is  one  of  the  causes  for  the  reduction 
in  the  activity  of  the  contact  mass,  of  the  Increased  synthesis  temperatures,  of  the 
intensification  of  the  pyrolytic  processes,  and,  ultimately,  of  the  poorer  compo¬ 
sition  of  the  condensate.  The  spent  contact  mass  usually  contains  considerable 
amounts  (6-lCffc )  of  carbon  in  the  form  of  soot,  whose  presence  makes  the  spent  contact 
mass  readily  inflammable  in  air  at  room  temperature. 

The  lower  the  temperature  of  synthesis,  the  lower  the  intensity  of  the  pyrolytic 
processes,  and  the  closer  the  course  of  the  process  to  the  ideal.  For  this  reason, 
one  of  the  main  conditions  of  successful  conduct  of  the  process  of  direct  synthesis 
is  providing,  at  all  points  of  the  contact  mass,  the  minimum  temperature  at  which  the 
reaction  between  silicon  and  the  alkyl  halide  begins.  This  temperature  is  different 
for  the  different  alkyl  halides  or  aryl  halides. 

PropqEa&pn  $$ 

Ihe  reaction  between  silicon  and  methyl  chloride,  in  the  absence  of  a  catalyst 
(Bibl.28)  proceeds  at  a  temperature  of  285°C,  and  the  quantity  of  the  reaction  pro¬ 
ducts  in  this  case  (the  condensate  in  the  receiving  flask)  does  not  exceed  57%  of 
the  weight  of  the  methyl  chloride  passed  through,  while  the  average  number  of  rad¬ 
icals  attached  to  the  silicon  atom  is  only  0.56,  that  is,  the  reaction  product  con¬ 
sists  mainly  of  SiCl^  and  methyltrichlorosilane.  These  data  speak  for  the  complete¬ 
ly  unsatisfactory  course  of  the  process  and  of  the  abundant  liberation  of  gaseous 
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products  of  pyrolysis. 

One  of  the  principal  forms  of  the  contact  mass  is  an  alloy  of  copper  and  silicon. 
The  results  of  work  with  an  alloy  containing  50 $  of  copper  and  505?  of  silicon  at  a 
temperature  of  312°C,  has  been  described  (Bibl.2).  The  description  unfortunately 
indicates  the  yield  of  condensate  erroneously  (almost  double  the  theoretical),  which 
makes  any  evaluation  of  the  data  difficult.  The  ratio  between  the  number  of  radicals 
and  the  number  of  silicon  atoms,  according  to  the  analytical  results  for  the  hydroly¬ 
sis  product,  is  rather  high,  1.8. 

These  figures,  however  do  not  sufficiently  characterize  the  effectiveness  of  the 
contact  mass  in  the  form  of  an  alloy.  Using  an  alloy  containing  only  2C$  copper,  the 
reaction  could  probably  be  conducted  at  a  lower  tamperature,  thus  assuring  a  higher 
yield  of  the  desired  products. 

A  contact  mass  prepared  by  reduction  of  a  mixture  of  cuprous  chloride  and 
silicon,  possesses  high  activity  (Bil.28).  The  reaction  between  the  reduced  mass  and 
methyl  chloride  at  30CPC  leads  to  the  formation  mainly  of  dimethyldichlorosilane, 
but  after  25$  of  the  silicon  has  been  used  up,  the  content  of  chlorosilanes  with  a 
larger  number  of  chlorine  atoms  in  the  condensate  increases.  After  60$  of  the 
silicon  has  been  used  up,  the  average  composition  of  the  condensate  collected  through¬ 
out  the  entire  process,  is  as  follows:  dimethyldichlorosilane,  42.1$;  methyltri- 
chlorosilane,  36.8$;  methyldichlorosilane,  11.8$. 

Under  certain  conditions,  this  method  allows  us  to  conduct  the  proeess  at  a 
lower  temperature,  yielding  a  condensate  containing  75$  of  dimethyldichlorosilane. 

In  this  case,  about  8C$  of  the  silicon  is  used. 

A  certain  modification  (Bibl.29)  of  this  method  of  briquetting  a  mixture  of 
copper  and  silicon  in  the  powiered  fora  namely  compression  under  a  pressure  of  5-7 
tons/cm2,  makes  it  possible  to  conduct  the  process  under  completely  different  con¬ 
ditions  and  with  different  equipment.  The  compressed  mass  is  broken  up  into  small 
pieces  and  is  reduced  in  a  contact  apparatus  at  275-3 OC^C.  It  is  found  that  the  re- 
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action  with  methyl  chloride  takes  place  in  this  ease  at  290-31CPC,  and  from  the  con¬ 
tact  mass  prepared  from  85  g  of  silicon  and  15  g  of  cuprous  chloride,  153  g  of  con¬ 
densate  is  formed  in  90  hours  (using  up  about  half  of  the  silicon).  Thus  the  amount 
of  condensate  is  somewhat  more  than  half  the  amount  of  the  methyl  chloride  passed 
through.  In  another  experiment,  at  295-305°C,  (at  a  rate  of  flow  of  6.2  g  of  methyl 
chloride  an  hour)  160.4  g  of  condensate  was  obtained  in  71  hours,  that  is,  less  than 
half  the  weight  of  the  methyl  chloride  passed  through.  The  percentage  composition  of 
the  condensate  in  these  two  experiments  was  as  follows: 


I  II 

Dimethyldichloro  silane . . .  21.7  39*6 

he thyltrichloro silane . .  39  »8  35.0 

Methyl  dichlorosilane . 16.0  8.7 


These  data  cannot  be  recognized  as  satisfactory.  On  observing  certain  conditions 
of  synthesis,  and  with  the  proper  arrangement  of  the  process,  the  yield  of  condensate 
may  considerably  exceed  that  stated,  and  the  average  content  of  dimethyldichloro- 
silane  in  the  condensate  will  amount  to  505?,  using  up  70$  of  the  silicon  (Bibl.30). 

Another  patent  contains  references  (Bibl,31)  to  the  possibility  of  using,  as 

% 

a  catalyst,  copper  oxide  or  copper  powder  oxidized  on  the  surface,  but  the  results 
adduced  by  the  author  are  entirely  unsatisfactory. 

One  of  the  most  widely  used  forms  of  the  contact  mass  (Bibl.30),  which  are 
given  in  the  present  literature,  is  a  mixture  of  finely  ground  silicon  and  copper 
powders,  compressed  under  a  pressure  of  about  5  ton/cm^  and  reduced  in  a  stream  of 
hydrogen  at  a  temperature  up  to  106 CPC.  This  type  of  contact  mass  is  probably  what 
is  meant  by  the  general  term  copper-silicon  mass;  this  term  is  often  used  in  patents, 
without  indicating  the  method  of  preparing  the  mass.  The  copper  content  in  the  mass 
varies  over  a  wide  range,  from  2  to  45$;  the  optimum  ranges  from  20  to  25$. 

The  literature  throws  very  little  light  on  the  apparatus  setup  of  the  direct 
synthesis.  The  following  indication  is  of  interest  (Bibl.30).  On  reaction  of 
methyl  chloride  with  the  contact  mass  prepared  from  20  kg  of  silicon  and  2.2  kg  of 
copper  powder  (obviously  prepared  by  the  above  described  method)  in  a  "oil-heated 
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band-type  reactor",  31  kg  of  condensate  was  obtained  in  124  hours  from  77  kg  of 

0 

methyl  chloride  (that  is,  103%  on  the  basis  of  the  methyl  chloride  consumed),  and 
this  condensate  contained  63.6$  of  dimethyldichlorosilane,  11<8>£  of  methyltrichloro- 
silane,  and  25%  of  a  fraction  boiling  up  to  66°C.  In  another  experiment,  the  same 
quantity  of  contact  mass  and  67  kg  of  methyl  chloride  yielded  only  55  kg  of  a  conden¬ 
sate  containing  59.3^  of  dimethyldichlorosilane.  The  results  of  the  first  experiment 
speak  for  the  high  activity  of  the  contact  mass  and  are  the  best  results  published 
in  the  literature.  The  high  percentage  of  silicon  utilised  is  worthy  of  notice 
(4  kg  of  condensate  from  each  kg  of  silicon,  which  corresponds  to  the  utilisation  of 
almost  90^  of  the  silicon),  as  well  as  the  high  process  productivity  obtained  in 
working  with  such  a  contact  mass  (0.8  kg  of  condensate  day  per  kg  of  silicon  in  the 
contact  mass). 

In  a  number  of  patents  (Bibl.32)  the  possibility  of  conducting  a  fluid  process 
is  proposed  in  general  terms:  the  contact  mass  in  the  fom  of  dust  is  ejected  by  a  jet 
of  methyl  chloride  into  the  reactor,  whence  the  products  of  reaction  pass  into  an 
expander,  then  into  a  dust  separator,  and  then  come  for  separation.  The  recycling 
of  the  methyl  chloride  and  the  contact  mass  powder  is  provided  for.  The  condensate 
contains  57%  of  dimethyldichlorosilane.  It  is  stated  that  the  process  proceeds  under 
a  pressure  of  3-4  atm  at  330-37C?C.  The  principal  advantages  of  the  process  is  ob¬ 
viously  the  high  productivity  of  the  contact  mass.  Finally,  one  of  the  works, 
(Bibl.31)  indicates  the  preparation  of  large  quantities  (hundreds  of  kg)  of  methyl- 
chlorosilanes  in  a  "vertical  stationary  reactor  100  m  in  diameter)". 

The  dilution  of  the  methyl  chloride  by  an  inert  gas  (Bibl.30)  (5-20%  of  nitro¬ 
gen)  encourages  an  increase  in  the  dimethyldichlorosilane  content  of  the  condensate 
to  86. 5^  as  against  73. 5^  without  such  dilution  (the  type  of  contact  mass  and  the 
process  conditions  are  not  indicated  by  the  authors).  The  hydrogen  dilution  gives 
the  increased  content  of  chlorosilanes  containing  the  Si-H  bond  in  the  condensate 
(the  content  of  methyldichlorosilane  rises  to  17%) • 
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The  trimethylchlorosilane  content  of  the  condensate  under  ordinary  conditions 
does  not  exceed  5%»  The  trimethylchlorosilane  content  can  be  increased  in  the  con¬ 
densate  by  adding  aluminum  or  zinc  to  the  contact  mass  (Bibl.33).  Thus  on  addition 
of  aluminum  powder  (5%  of  the  contact  mass  by  weight)*  and  conduct  of  the  synthesis 
at  300-35CPC,  the  trimethylchlorosilane  content  of  the  condensate  is  increased  to 
1056.  If  the  amount  of  aluminum**  in  the  contact  mass  is  increased  to  1Q6,  then  the 
trimethylchlorosilane  in  the  condensate  rises  to  2056.  By  adding  2056  of  zinc  powder 
to  the  contact  mass  and  conducting  the  synthesis  at  330-350^0,  the  trimethylchloro¬ 
silane  content  of  the  condensate  is  likewise  increased  to  2056.  The  patent  unfortun¬ 
ately  fails  to  indicate  the  content  of  the  main  product  of  the  reaction,  dimethyldi- 
chlorosilane,  in  the  condensate,  which  is  probably  sharply  reduced  when  the  process 
is  run  under  these  conditions*  The  conditions  given  in  the  patent  can  therefore  not 
be  recognized  as  .optimum.  It  is,  however,  possible  to  find  conditions  under  which 
this  method  will  make  it  possible  to  increase  the  trimethylchlorosilane  content  with¬ 
out  appreciable  reduction  of  the  dimethyldichlorosilane  content* 

There  is  a  reference  (Bibl*33)  to  the  possibility  of  diluting  the  methyl 
chloride,  before  its  introduction  into  the  contact  apparatus,  with  5-3  5^  of  chlorine 
by  volume  (the  composition  of  the  condensate  is  not  stated)*  This  is  obviously  ad¬ 
visable  when  methyltrlchlorosllane  is  desired  as  a  product,  since,  in  the  presence 
of  chlorine,  the  synthesis  of  methyltrlchlorosllane  can  proceed  without  loss  of 
methyl  chloride: 

Cl,  -|-  C.I  I, Cl  +  Si  —  C!  I.SiCI, 

The  yield  of  dimethychlorosilane  under  these  conditions  is  probably  sharply  lower. 

The.  introduction  of  methyl  chloride  with  an  admixture  of  HC1  into  the  contact 

*  The  aluminum  powder  must  have  a  particle  size  such  that  it  will  pass  a 
No.  200  sieve. 

**  In  this  case  the  aluminum  powder  must  pass  a  No.  100  sieve. 
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apparatus  has  been  patsntsd  (Bibl.31);  but  the  data  given  in  the  patent  are  entirely 
inadequate  for  determining  the  composition  of  the  reaction  product  or  the  yield  of 
methylchlorosilane.  Thus  the  patent  states  that  on  passage  of  methyl  chloride  with 
an  admixture  of  2$  of  HC1  over  the  contact  mass  at  370°C,  the  condensate  is  converted 
after  hydrolysis  into  a  solid  colorless  resin.  From  these  data  no  conclusions  as  to 
the  composition  of  the  products  can  be  drawn.  Obviously  the  main  product  under  these 
conditions  is  methyltrichlorosilane,  but  at  this  temperature,  even  without  using  HC1, 
the  main  product  of  the  reaction  should  be  methyltrichlorosilane. 

Better  results  are  obtained  (Bibl.33)  when  finely  ground  copper  powder  (oxidized 
from  the  surface )  with  particle  sizes  of  a  few  microns,  is  used  as  the  catalyst.  The 
copper  particles  are  surrounded  by  an  extremely  thin  oxide  film  which  prevents  fur-  . 
ther  oxidation.  The  oxide  film  is  so  thin  that  its  presence  can  be  established  only 
by  the  aid  of  X-ray  analysis.  It  is  stated  that  on  passage,  through  a  contact  mass 
consisting  of  30  kg  of  silicon  powder  and  5.55  kg  of  copper  powder  in  a  "strip  type 
reactor  heated  by  an  oil  Jacket",  of  155.25  kg  of  methyl  chloride  over  a  period  of 

a 

124  hours,  164.25  kg  of  condensate  is  obtained,  being  106$  of  the  weight  of  the 
methyl  chloride,  and  containing  63,6%  of  dlmethyldichlorosilane,  11.8$  of  methyltri¬ 
chlorosilane,  and  25$  of  a  fraction  boiling  below  66°C. 

The  high  percentage  of  utilization  of  silicon  in  the  contact  mass  must  be  noted. 
It  yields  3.3  kg  of  condensate  from  1  kg  of  silicon,  which  corresponds  to  the  util¬ 
isation  of  about  72$  of  the  silicon.  The  high  productivity  of  the  contact  mass 
should  also  be  noted  (0.6  kg  of  condensate  per  kg  of  contact  mass  per  day),  which  is 
probably  assured  by  the  appropriate  design  of  the  contact  apparatus.  In  another  ex¬ 
periment,  the  yield  of  condensate  amounted  to  only  82$  of  the  quantity  of  the  methyl 
chloride  passed  through,  and  the  dlmethyldichlorosilane  content  was  only  59.3$. 

The  words  "band  type  reactor"  in  the  patent  probably  mean  a  contact  apparatus 
with  the  band  mixer  described  in  another  patent  (Bibl.34).  Figure  28  gives  a  dia¬ 
gram  of  such  a  contact  apparatus. 
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The  process  of  re¬ 


action  between  methylchloride  and  the  contact  mass  is  conducted  in  the  reaction 
chamber  I  into  which  the  contact  mass  is  charged  through  the  stub  pipe  2.  The  mass 
is  stirred  by  the  band  mixer  3,  attached  to  the  shaft  of  the  contact  apparatus  and 
brought  into  rotary  motion  by  means  of  the* motor  4*  The  band  of  the  mixer  is 
arranged  in  the  form  of  a  screw.  In  plan,  the  band  consists  of  a  ring  whose  area  is 


Pig.  28  -  Contact  Apparatus  for  Con¬ 
duct  of  Direct  Synthesis: 

1  -  Reaction  chamber;  2  -  Admission 
pipe  for  contact  mass;  3-  Band  mixer; 
4  -  Motor;  5  -  Admission  pipe  for 
methyl  chloride;  6  -  Jacket; 

7  -  Filter;  8  -  Condenser;  9  -  Out¬ 
let  pipe  for  uncondensed  gases; 

10  -  Receiver;  11  -  Discharge  pipe 
for  spent  contact  mass 


Pig.  29  -  Diagram  of  Installation  for 
Direct  Synthesis  by  the  Fluid  Process: 

1  -  Methyl  chloride  supply  pipe; 

2  -  Tube  for  contact  mass;  3  -  Reaction 
chamber;  4  -  Cooling  chamber;  5  -  Part¬ 
ition;  6  -  Tube  for  recycling  contact 
mass;  7  -  Additional  methyl  chloride 
induction  pipe;  8  -  Tube  for  supplying 
fresh  contact  mass;  9  -  Cyclone  fan; 

10  -  Receiver  for  spent  contact  mass; 

11  -  Filter;  12  -  Condenser; 

13  -  Receiver 
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55-6 G*  of  the  cross  sectional  area  of  the  contact  apparatus.  When  the  shaft  rotates, 
the  band  rises  above  that  part  of  the  contact  mass  located  near  the  walls  of  the  con¬ 
tact  apparatus;  while  the  mass  located  at  the  center,  near  the  shaft  (outside  the 
area  of  the  ring  of  the  band),  descends.  Thus,  on  a  relatively  slow  rotation  of  the 
mixer,  thorough  mixing  of  the  contact  mass  takes  place.  The  methyl  chloride  arrives 
in  the  reaction  chamber  1  through  the  stub  pipe  5.  In  this  chamber  the  temperature 
necessary  for  synthesis  is  maintained  by  feeding  a  heat-carrier  into  the  Jacket  6  of 
the  contact  apparatus.  The  reaction  mass  need  be  heated  only  during  the  initial 
stage  of  the  process;  after  the  beginning  of  the  reaction,  the  heat-carrier  serves  to 
cany  off  the  heat  liberated  during  the  reaction.  The  reaction  products,  passing 
through  the  filter  7  and  the  condenser  6,  are  collected  in  the  receiver  10,  while  the 
uncondensed  gases  are  withdrawn  through  the  pipe  9  for  deep  chilling  and  for  catching 
the  methylchloride.  The  contact  mass  spent  during  the  process  of  synthesis,  is  dis¬ 
charged  from  the  contact  apparatus  through  the  stub  pipe  11. 

According  to  patent  data  (Blbl.35 ),  the  optimum  particle  size  for  a  contact 
mass  in  the  form  of  an  alloy  ranges  from  74  to  105  microns.  The  proportion  of  par¬ 
ticles  smaller  than  44  microns  must  not  exceed  15%,  and  that  of  particles  larger  than 
149  microns  must  not  exceed  5%>  Direct  synthesis  by  the  fluid  process  can  probably 
be  most  conveniently  conducted  with  such  &  contact  mass. 

Figure  29  gives  a  diagram  of  a  fluid-process  installation. 

Preparation  of  Hethrlchloro silanes  In  a  Fluid-Process  JBSSaHlttga*  The  reac¬ 
tion  between  methyl  chloride  and  the  contact  mass  takes  place  in  the  vertical  tube  3* 
The  methyl  chloride,  obviously  first  heated  to  the  reaction  temperature,  is  fed 
through  the  pipe  1,  and  is  drawn  over  the  contact  mass  entering  through  the  pipe  2. 
The  reaction  chamber  may  consist  either  of  the  pipe  shown  on  the  figure,  or  a  cylin¬ 
der  of  larger  cross  section  in  which  the  reaction  mass  is  mixed.  The  process  nay  be 
conducted  either  at  normal  or  elevated  pressure.  The  necessary  temperature  is  main¬ 
tained  by  the  heat  liberated  during  the  reaction.  The  mixture  passes  from  the 
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reaction  chamber  into  the  cooling  chamber  U,  which  is  provided  with  the  partition  5, 
where  the  main  part  of  the  unreacted  copper-silicon  alloy  powder  is  separated  and 
flows  along  the  inclined  bottom  of  the  cooling  chamber  into  the  tube  6,  whence  it 
passes  through  a  slide  gate  into  the  tube  2  and  is  recycled  to  the  reaction  chamber 
3.  The  circulation  of  powder  is  accelerated  when  a  certain  quantity  of  methyl 
chloride  or  nitrogen  is  introduced  through  the  pipe  7*  The  fresh  powdered  contact 
mass  enters  through  the  tube  8*  From  the  chamber  A#  the  mixture  passes  into  the  cy¬ 
clone  fan  9*  where  the  finely  dispersed  spent  powder  is  separated.  The  spent  contact 
mass  is  collected  in  the  receiver  10  and  can  be  activated  by  oxidation  (decarboniza¬ 
tion),  and  is  then  recycled  to  the  synthesis.  After  separation  of  the  reaction  pro¬ 
ducts  from  the  dust,  they  arrive  in  the  filter  11,  and  then  in  the  condenser  12, 
where  the  methylchlorosilanes  are  condensed,  and  are  then  collected  in  the  receiver 
13*  According  to  the  data  of  the  patent,  at  a  temperature  of  330-37CPC  and  a  pres¬ 
sure  of  3.5  atm,  the  condensate  will  contain  57%  of  dimethyldichlorosilane. 

The  installation  can  have  a  higher  productivity.  If,  in  selecting  the  optimum 
process  conditions,  the  dimethyldichlorosilane  content  of  the  condensate  can  be  held 
stable  within  the  limits  of  50-57% t  the  design  of  the  installation  must  be  regarded 
as  good  (provided  an  adequate  percentage  of  silicon  is  utilized).  Unfortunately  the 
patent  does  not  give  exhaustive  data  on  the  operation  of  the  installation. 

Other  data  on  the  design  of  contact  devices  for  direct  synthesis  have  not  been 
published,  except  for  a  short  statesMnt  (Bibl.34)  that  considerable  quantities  of 
methylchlorosilanes  (hundreds  of  kilograms)  have  been  produced  in  "vertical  station¬ 
ary  reactors  100  ma  in  diameter". 

There  are  references  to  the  possibility  of  direct  synthesis  of  methylchloro- 
silanes  in  the  presence  of  HC1  (Bibl.98). 

Preparation  of  Methylchlorosilanes  in  the  Presence  of  Hydrogen  Chloride 
(Bibl.98).  Anhydrous  HC1  is  passed  at  370^C  into  a  glass  tubular  furnace  in  which 
a  1  :  1  copper-silicon  alloy  is  placed,  and  then  a  mixture  consisting  of  1  part  by 
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volume  of  HC1  and  50  parte  by  volume  of  methyl  chloride  is  passed  over  a  period  of  8 
hours  through  the  furnace. 

The  reaction  products  are  condensed  at  -80°C,  and  are  then  hydrolyzed  by  a  mix¬ 
ture  of  ice,  water,  and  ether.  The  polymethylslloxanes  so  prepared  are  condensed  on 
heating  into  viscous  or  solid  resins.  When  a  mixture  of  methyl  chloride  and  HC1  In 
the  ratio  of  7  :  1  by  volume  is  passed  in  over  a  period  of  1  hour  at  36CPC,  and  then 
in  the  ratio  of  20  :  1  over  a  period  of  1  hour,  similar  products  are  formed. 

When  methyl  chloride  is  passed  over  silicon  powder  for  24  hours  at  3SCPC  at  the 
rate  of  80  ml/min,  a  condensate  of  boiling  point ( 55-8 CPC,  containing  trlmethylchloro- 
silane,  dimethyldi chlo ro s ilane ,  and  methyltrichlorosilane,  is  formed.  When  a  mixture 
of  methyl  chloride  and  HC1  in  the  proportions  of  1  :  1  by  volume  is  passed  through 
under  these  same  conditions,  similar  results  are  obtained.  When  a  mixture  of  CH3CI 
and  HC1  in  the  proportions  of  20  :  1  by  volume  is  passed,  the  yield  of  polymethyl- 
siloxane  is  4  times  as  great  as  those  obtained  in  the  preceding  experiments. 

Separation  of  the  reaction  products  of  silicon  with  methyl  chloride.  Most  of 
the  by  products  of  the  reaction  between  silicon  and  methyl  chloride  are  gases  and  are 
easily  separated  from  the  condensate  of  methyl chlorosilanes .  The  methyl  chloride  is 
usually  separated  from  the  gas  mixture  by  deep  cooling  (-4CPC),  and  is  condensed  to¬ 
gether  with  the  residue  of  the  methylchlorosilanes  that  have  passed  through  the  water 
cooler,  while  the  gas  mixture  is  recycled  to  the  reactor.  The  remaining  gases  con¬ 
sist  mainly  of  ethane,  hydrogen,  and  ethylene.  The  losses,  when  the  process  function* 
satisfactorily,  do  not  exceed  7-lc£. 

An  insignificant  part  of  the  pyrolysis  products  consist  of  liquids  which  are 
condensed  together  with  the  msthylchlorosilane  and  hinder  their  separation  in  the 
pure  state. 

4 

The  condensate,  together  with  the  dissolved  methyl  chloride,  also  contains  the 


expounds:  B.p. 

Trimethylchloro  silane  HSiCl3  .  32  3-5 

Methyldichloro silane  CHgSiHCl^  . . 40.6  5 

Silioon  tetrachloride  SiCl^  . . .  57 *6  Traces 
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Trlmethylchlorosilane  (CH^gSiCl  .  57*7  3-5 

Methyltrichloro silane  CHjSICIq . 66.1  10-40 

Dlmethyldichlorosilane  (CHg)2SiGl  .  70.2  30-70 

2- Methylpentane  .  60.4  0.2-0 .3 

3- Methylpentane  C6H14. . 63.3  0.2-0 .4 

2-Me  thylhexane  C7H16. .  90.1  0.1 

Ethylene  Chloride  CH2CHCI2 . 57.4  Traces 


*  Content  fluctuates  sharply  according  to  the  conditions  of  synthesis. 

An  admixture  of  SiCl^,  boiling  point  57.6°C,  and  paraffin  hydrocarbons  with  six 
carbon  atoms,  can  often  be  detected  in  the  trlmethylchlorosilane,  boiling  point 
57*7°C  (Bibl.36).  The  appearance  of  these  compounds  indicates  the  unsatisfactory 
regulation  of  the  process  temperature.  At  a  high  temperature,  there  is  thermal  de¬ 
composition  of  the  methyl  chloride,  forming,  hydrocarbons  or  chlorinated  hydrocarbons 
for  instance  ethylene  chloride.  A  disproportionately  high  ratio  of  the  chlorine 
content  to  the  content  of  the  uncleared  methyl  groups,  results  in  an  increased  yield 
of  SiCl^.  The  further  cleavage  of  the  methyl  groups,  accompanied  by  the  liberation 
of  elementary  hydrogen,  leads  to  the  formation  of  compounds  with  the  Si-H  bond,  for 
instance,  of  trichlorosilane ,  boiling  point  32°C,  or  methyldichlorosilane,  boiling 
point  40.6°C.  Although  the  dlmethyldichlorosilane  is  sometimes  also  contaminated 
with  hydrocarbons,  the  greatest  difficulties  of  all  are  encountered  in  the  purifica¬ 
tion  of  the  trlmethylchlorosilane,  since  it  forms  azeotropic  mixtures  with  SiCl^  and 
2-methyl-  and  3-methylpentanes  (  the  boiling  point  of  the  azeotropic  mixture  is 
57.6° ).  Besides  this,  ethylene  chloride,  boiling  point  54.7°C,  also  forms  a  binary 
azeotrope  with  trlmethylchlorosilane  and  with  SiCl^,  and  possibly  also  a  ternary  azeo¬ 
trope  with  these  same  compounds. 

The  separation  of  the  mixture  of  methylchlorosilanes  and  their  preparation  in 
the  pure  form  is  a  very  complicated  problem.  In  practice,  the  most  complex  process 
is  the  separation  of  a  pure  dlmethyldichlorosilane , entirely  free  from  all  traces  of 
methyl trichlorosilane.  Pure  dlmethyldichlorosilane  is  necessary  for  the  preparation 
of  a  high  molecular  polydimethylsiloxane,  elastomer.  Dlmethyldichlorosilane  does 
not  form  azeotropic  mixtures  with  any  of  the  products  of  the  reaction,  and  therefore 
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it  may  be  separated  by  rectification  on  a  column  of  adequate  size.  The  complete  sep¬ 
aration  of  methyltrichlorosilane,  which  boils  only  2°C  below  dimethyldichlorosilane, 
may  be  accomplished  in  a  column  of  60-70  theoretical  plates  with  a  sufficiently  high 
reflux  ratio. 

The  construction  of  bubble-cap  laboratory  columns  of  this  type  has  been  de¬ 
scribed  in  adequate  detail  (Bibl.37).  The  process  of  rectification  of  methylchloro- 
silanes  does  not  differ  from  that  of  multi -component  organic  mixtures  with  boiling 
points  of  the  components  of  the  mixture  close  together.  The  fact  that  the  vapor  of 
the  methylchlorosilanes  must  not  come  in  contact  with  the  moisture  of  the  atmosphere 
must  be  borne  in  mind.  The  purity  of  the  dimethyldichlorosilane  must  be  carefully 
verified  by  checking  its  boiling  point,  its  density,  and  its  content  of  titratable 
chlorine.  The  chlorine  content  of  sufficiently  pure  dimethyldichlorosilane  does  not 
exceed  55.158. 

After  the  separation  of  the  intermediate  fraction  at  about  70PC  has  been  conn- 
pleted,  the  rectification  process  cannot  be  significantly  forced  by  reducing  the  re¬ 
flux  ratio.  It  is  possible  in  this  case  that  the  product  will  be  contaminated  by 
traces  of  methylhexane,  which  boils  at  a  temperature  over  9CPC,  and  by  the  products 
of  hydrolysis  of  Ct^SiHClOSiCH^HCl.  The  presence  of  traces  of  hydrocarbon  in  the 
dimethyldichlorosilane  does  not  interfere  with  the  subsequent  hydrolytic  processes, 
since  the  high-boiling  products  of  hydrolysis  are  easily  separated  from  admixtures 
of  volatile  hydrocarbons. 

The  separation  of  pure  methyltrichlorosilane  is  also  a  complicated  operation, 
since  it  is  difficult  to  remove  the  traces  of  dimethyldichlorosilane  from  this  pro¬ 
duct.  But  this  is  not  as  important  as  in  the  separation  of  pure  dimethyldichloro¬ 
silane.  For  practiced  purposes  the  fraction  of  methyltrichlorosilane  boiling  in  the 
range  65-67°C  and  containing  10JL  chlorine  instead  of  the  theoretical  71*l£*  can  be 
used.  Methyltrichlorosilane,  just  like  dimethyldichlorosilane,  forms  no  azeotropic 
mixture  with  the  other  components  of  the  mixture. 
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It  is  incomparably  more  difficult  to  separate  the  third  main  component  of  the 
mixture,  trimethylchloro3ilane.  As  stated  above,  the  ethylene  chloride,  SiCl^,  tri- 
methylchlorosilane,  2-methyl-,  and  3-methylpentanes,  which  are  present  in  insignifi¬ 
cant  amounts  in  the  condensate,  all  boil  in  the  range  57.4-63 .2°C.  These  products 
may  form  the  following  azeotropic  mixtures: 

1)  SiCl^,  6l.8%,  and  trimethylchlorosilane,  35.2^  -  boiling  point  of  mixture 
54.7°C; 

2)  trimethylchlorosilane,  10%  ,  and  2-methylpentane,  30%  ;  boiling  point  of 

mixture,  56. A°C; 

3)  trimethylchlorosilane,  75^  ,  and  3 -methylpentane ,  25^  ;  boiling  point  of 

mixture,  57.3°C; 

L)  SiCl^,  63.5%,  and  ethylene  chloride,  36. 5%  ;  boiling  point  of  mixture  53°C. 

In  addition,  ternary  azeotrope  mixtures  are  probably  also  formed. 

It  is  practically  impossible  to  separate  the  pure  trimethylchlorosilane  complete¬ 
ly  from  the  mixture,  by  rectification  alone.  But  this  is  not  necessary;  all  that  is 
required  is  to  separate  the  trimethylchlorosilane  quantitatively  from  the  SiCl^.  This 
operation  does  not  involve  any  difficulties  in  principle;  the  process  of  separation 
may  be  effected  either  by  physicochemical  or  by  chemical  methods. 

In  all  cases  it  is  necessary  on  rectification  to  separate  the  fraction  contain¬ 
ing  the  trimethylchlorosilane.  The  separation  may  be  accomplished  by  azeotropic 
rectification  of  the  separated  fraction  with  a  new  component  yielding  azeotropic 
mixtures  of  different  boiling  points  with  SiCl^  and  trimethylchlorosilane.  The  fol¬ 
lowing  may  be  used  as  such  components:  acrylonitrile,  boiling  point  79°C,  which  forms 
an  azeotropic  mixture  with  93%  of  trimethylchlorosilane,  boiling  point  of  mixture 
57°C;  and  with  69%  of  SiCl^  (boiling  point  of  mixture  51.2JC). 

Acetonitrile,  (boiling  point  82°C),  forms  azeotropic  mixtures  with  92.6%  of 
trimethylchlorosilane,  boiling  point  of  mixture  56°C;  and  with  90.6$  of  SiCl^,  boil¬ 
ing  point  of  mixture  49°C. 


k 27 


F-TS-9191/V 


By  chemical  separation  of  a  mixture  of  triaethylchlorosilane  and  SiCl^,  the  tri- 
methylchlorosilane  may  be  isolated  in  the  chemically  pure  state.  The  process  may  be 
accomplished  by  two  methods: 

1.  Esterification  of  the  mixture  by  ethylene  oxide,  forming  a  mixture  of  esters: 

SiU,  T  ICHaCHjO  — ->  Si(OC,H4CI)4 

I _ I 

iCII,),SiCI  —  CHjCHjO - >  (CH,),SiOC,H«CI 

I _ I 

The  trimethyl-  3-chloroethoxysilane  so  formed  is  easily  separated  both  from 
hydrocarbons  and  from  the  tetra-  3-chloroethoxysilane.  The  trimethylchlorosilane 
may  be  obtained  by  treating  this  substituted  ester  with  benzoyl  chloride: 

(CH,hSiOC,H,  +  C,H,COa  —V  (CH,)^iCI  +  C,H,COOC,H( 

2.  By  hydrolysis  of  the  mixture,  distilling  off  the  pure  hexamethyldisiloxane, 
and  then  treating  it  with  sulfuric  acid  and  oaonium  chloride. 

If  the  synthesis  is  conducted  under  sufficiently  mild  conditions,  and  the  temp¬ 
erature  at  all  points  of  the  contact  mass  is  regulated  with  sufficient  accuracy,  no 
SiCl^  at  all  will  be  formed.  This  considerably  facilitates  the  process  of  separating 
the  mixture  and  makes  it  possible  by  only  a  single  rectification  to  separate  the  tri¬ 
methylchlorosilane  (56-58°C)  completely.  This  product  will  be  found  to  be  sufficient¬ 
ly  pure  and  can  be  used  for  most  practical  purposes,  and  in  particular,  for  the  prep¬ 
aration  of  hexamethyldisiloxane. 

Preparation  of  Ethrlchlorosilanes 

The  reaction  between  ethyl  chloride  and  silicon  has  not  been  described  adequate¬ 
ly  in  the  literature.  There  is  an  indication  (Bibl.38)  that  when  a  contact  mass  con¬ 
taining  10£  of  copper  is  used,  and  the  process  is  conducted  at  30Q-325°C,  a  conden¬ 
sate  of  the  following  percentage  composition  is  formed:  {%) 


SiCl^ .  37 

Qiethylenediohlorosilane  ......  26 
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Ethyltrichlorosilane  .  27 

Triethylehloro silane  . •  •  Traces 


When  suitable  conditions  of  reaction  between  the  ethyl  chloride  and  the  copper- 
silicon  contact  mass  are  aelectedf  however,  it  may  be  conducted  at  24 0-25 CPC,  and  in 
this  case  SiCl^  will  be  present  in  the  condensate  only  in  insignificant  amounts.  It 
has  not  been  possible  to  obtain  a  high  diethyldichlorosilane  content  in  the  conden¬ 
sate,  for  the  principal  reaction  product  is  ethyltrichlorosilane.  Ethyldichloro- 
silane  is  also  present  in  significant  amounts  (Bibl.38). 

The  mixture  may  be  separated  in  a  rectification  column  of  25-30  theoretical 
plates. 

Preparation  of  Alkvlchlorosilanes  Containing  Unsaturated  Radicals  (Bibl.39) 

Allyl  chloride  reacts  actively  with  silicon  at  a  temperature  of  25CPC.  The  re¬ 
action  is  exothermic,  and  unless  the  temperature  is  carefully  regulated,  it  may  rise 
of  itself  to  500-60CPC.  The  dilution  of  the  allyl  chloride  by  an  inert  gas  is  recom¬ 
mended.  In  working  with  a  contact  mass  containing  10£  of  copper,  a  condensate  con¬ 
taining  40*  of  low-boiling  products  of  little  value  (SiCl^,  trichlorosilane,  etc), 
and  6Qf  of  a  mixture  of  adlylchlorosilar.es  may  be  obtained, from  which  rectification 
yields  allyldichlorosilane,  Cj^SiHC^,  (boiling  point  97°C),  allyltrichloro silane, 
03(1531013,  (boiling  point  117. 5°C),  and  diallyldichlorosilane,  (C3H5  J^iC^,  (boiling 
point  82-84°C  at  50  mm).  The  latter  is  contained  in  only  insignificant  quantities  in 
the  mixture. 

In  contrast  to  allyl  chloride,  vinyl  chloride  enters  only  slightly  into  reaction 
with  the  contact  mass,  the  reaction  takes  place  only  at  temperatures  over  30(fc,  and 
the  conversion  of  the  vinyl  chloride  is  slight.  From  the  condensate,  vinyltri- 
chlorosilane,  (boiling  point  92°C),  and  divinyldichlorosilane,  (boiling  point  118- 
119°C),  in  ratio  1  :  3,  may  be  separated.  1,2-dichlorovinyltrichlorosilane  and 
2,2-dichlorovinyldichlorosilane  are  also  obtained. 
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Preparation  of  Phenylchloroailanes  (Bibl.40) 


The  reaction  between  silicon  and  chlorobenzene  differs  substantially  from  its 
reaction  with  the  alkyl  chlorides.  The  reaction  of  silicon  with  chlorobenzene  in 
the  presence  of  a  catalyst  begins  only  at  38CPC;  the  optimum  synthesis  temperature 
is  L00-h2(PC,  In  the  absence  of  a  catalyst,  the  process  proceeds  at  a  considerably 
higher  temperatures.  Thus,  for  example,  when  chlorobenzene  is  passed  through  ground 
silicon  placed  in  a  contact  tube  25  nm  in  diameter  at  68CPC  for  54  hours,  367  g  of 
condensate  is  obtained,  being  905*  of  the  quantity  of  chlorobenzene  passed  in,  and 
containing  17.8$  of  high-boiling  fractions:  phenyl chlorosilanes,  diphenyl,  and  the 
product  of  partial  hydrolysis  of  the  phenylchloroailanes.  If  the  chlorobenzene  is 
passed  in  together  with  dry  HC1  (0.3  mol  per  mol  of  chlorobenzene),  the  synthesis 
may  take  place  at  55CPC,  and  9.4  g  of  phenyltrlchlorosilane  are  obtained  from  lOQg  of 
chlorobenzene. 

According  to  the  literature,  the  best  catalyst  is  a  505*  alloy  of  copper  and 

silicon,  oxidised  in  a  stream  of  air  at  30CPC  for  15  hours.  Chlorobenzene  containing 

« 

0.045*  of  HC1  reacts  with  such  a  contact  mass  at  a  temperature  of  43CPC,  forming  a 
condensate  containing  9-105*  of  phenyltrichlorosilane  and  20-245*  of  diphenyldi chloro- 
silane.  Benzene  and  biphenyl  are  byproducts  of  the  reaction.  The  mixture  also  con¬ 
tains  insignificant  amounts  of  phenyldichlorosilane,  C^SiHC^*  boiling  point  173 °C. 
The  chlorobenzene  content  is  50-605*.  Calculation  shows  that  to  obtain  1  kg  of 
phenylchloroailanes,  1. 5-1*7  kg  of  chlorobenzene  is  used;  thus  the  yield  is  entirely 
satisfactory. 

When  a  contact  mass  containing  10!*  of  silver  as  a  catalyst  is  used,  the  conden¬ 
sate  obtained  at  40CPC  contains  45*  of  phenyltrichlorosilane,  10$  of  diphenyldi- 
chloroailane,  and  about  3$  of  products  boiling  above  305°C.  After  70  days  of  opera¬ 
tion,  the  content  of  phenylchloroailanes  in  the  condensate  falls  to  5$,  indicating 
the  loss  of  activity  of  the  contact  mass. 

The  literature  data  on  the  preparation  of  the  phenylchloroailanes,  one  of  the 
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most  important  forms  of  organosilicon  monomers,  is  fragmentary  and  inadequate.  In 
particular,  one  of  the  most  important  indexes,  the  percent  of  utilization  of  silicon 
in  the  contact  mass,  is  nowhere  stated.  There  are  reasons  for  considering  that  in 
working  with  the  above  described  contact  masses,  this  amount  is  very  small,  and 
therefore  other  forms  of  contact  masses  allowing  the  utilization  of  60-70^  of  the 
silicon  (with  a  phenyltrichlorosilane  content  of  15-30^  in  the  condensate)  is  of 
practical  importance. 

The  arylhalo silanes  are  also  prepared  by  the  action  of  an  aryl  chloride  and  HC1 
on  alloys  of  silicon  and  copper  (Bibl.Al). 

Preparation  of  Pheavlchlorosilanes.  When  chlorobenzene  is  passed  at  the  rate 
of  22  g/min  for  132  hours  through  a  vertical  tubular  furnace,  1500  *  44  m  in  size, 

filled  with  1300  parts  of  weight  of  silicon  powder  with  a  fine  grind  of  325  meshes, 

and  activated  in  a  stream  of  hydrogen  at  135CPC,  a  condensate  with  a  boiling  point 
above  132°C  is  formed.  It  consists  mainly  of  biphenyl  and  its  chlorine  derivatives, 
and  contains  an  insignificant  amount  of  phenylchlorosilanes  (1.4 %)•  Similarly,  on 
passing  2710  parts  by  weight  of  chlorobenzene  and  450  parts  by  weight  of  HC1  at  490- 
515°C  for  167  hours  through  such  a  furnace,  273  parts  by  weight  of  a  condensate  con¬ 
taining  about  165  parts  by  weight  of  phenyltrichlorosilane,  is  formed.  When  chloro¬ 
benzene  and  HC1  are  passed  at  the  respective  rates  of  13*8  and  1.92  parts  by  weight 

per  minute,  at  436-445°C,  for  116  hours,  116  parts  by  weight  of  a  condensate  con¬ 

sisting  mainly  of  C^HjSiClj  is  formed. 

A  2.84^  yield  of  C^SiCl-j  was  attained  on  passing  chlorobenzene  and  HC1  at  the 
respective  rates  of  13  and  0.43  parts  by  weight  per  minute  through  the  furnace  for 
66  hours  at  L(XPC .  Passage  of  a  mixture  consisting  of  72  parts  by  weight  of  HC1  and 
1550  parts  by  weight  of  C^H^Cl  at  43Q-450°C  for  72  hours  over  a  copper-silicon  alloy 
in  proportions  of  1  :  9,  yielded  168  parts  by  weight  of  a  condensate  containing  132 
parts  of  C^HjSiC^.  The  yield  of  phenyltrichlorosilane  does  not  exceed  8.6%, 
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Other  Reactions  with  a  Copper-Silicon  Contact  Mass 


Methylene  chloride  (Bibl.185,  U2,  33),  CH2CI2,  reacts  with  a  10?  copper-silicon 
contact  mass  at  300°C.  The  methylene  chloride  should  be  diluted  with  up  to  5($  of 
nitrogen  for  better  control  of  the  reaction.  The  following  were  isolated  from  the 
reaction  products: 


B.P.in  °C 


.  \  .  51-  -52,5  (10  mm) 

ajsic;nisici» ' .  65  no  mm) 

(ClsSiCl Ml, . 81—82,5  (  M.p.  ) 


The  presence  of  certain  higher  cyclic  methylene  chlorosilanes,  (Cl2SiCH2)n, 
boiling  above  20C°C  (10  nan)  has  been  established. 

Dichloroethane  reacts  similarly,  and  the  principal  reaction  product  in  this  case 
is  hexachloroethylenedisilane,  Cl^SiCf^CI^SiC^;  boiling  point  92.5-93°C  (25  mm); 
melting  point  27-29°C. 

There  is  a  statement  (Bibl.39)  that  when  the  mixture  of  the  vapor  of  a  simple 
ether  and  a  hydrogen  halide  react  with  a  copper-silicon  contact  mass  at  temperatures 
of  250-/J.25°C,  alkylchlorosilanes  are  formed.  The  ratio  between  the  number  of  radi¬ 
cals  and  the  number  of  silicon  atoms  in  the  reaction  product  is  regulated  by  the 
amount  of  hydrogen  halide  (from  0.2  to  1  mol  per  mol  of  ether).  The  composition  of 
the  reaction  product  is  not  indicated. 

CC1L  (Bibl.&O)  reacts  with  a  lOfC  contact  mass  at  20CPC  to  form  tetrachloro- 
etnylene  and  hex&chlorodisilane  (Bibl.40). 

Reactions  with  Other  Contact  Masses 

The  chlorosilanes  are  alkylated  (Bibl.43)  by  alkyl  halides  in  the  presence  of 
such  metals  as  aluminum  or  zinc  at  temperatures  of  the  order  of  30O-50CPC,  The 
hydrolysis  of  the  products  obtained  by  the  reaction  of  tetrachlorosilane  and  methyl 
chloride  leads  to  the  formation  of  a  resinous  substance  ressmbling  the  corresponding 
polyorganosiloxanes.  On  the  reaction  of  methyltrichlorosilane  and  methyl  chloride 
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at  45 CPC,  21#  of  trimethylchlorosilane,  11#  of  dimethyldichlorosilane,  and  traces  of 
methyldichlorosilane,  are  formed.  At  350°C,  the  ratio  of  the  products  was  somewhat 
modified;  at  40CPC,  a  certain  quantity  of  tetramethylsilane  was  formed.  As  a  result 
of  the  reaction  of  dimethyl chloro silane  with  methyl  chloride,  trimethylchlorosilane 
in  3C#  yield  is  formed.  A  mixture  of  dimethyldichlorosilane  and  ethyl  chloride  forms 
dimethylethyldichlorosilanes . 

The  reaction  between  dimethyldibromosilane  and  methyl  bromide  leads  to  the 
formation  of  trimethylbromosilane. 

The  hydrogenation  of  SiCl^  and  certain  methylchlorosilanes  leads  to  the  replace¬ 
ment  of  a  chlorine  atom  by  hydrogen. 

It  is  believed  that  this  reaction  may  be  represented  as  follows: 

Ml  JCHjCI  - -  CH.AIU,  +  (CH,),AICI 

h.II,i«AN  - ►  2(CII*)«SK:i  +  AK.I, 

The  aluminum  encourages  the  replacement  of  chlorine  in  alkylchlorosilanes  by  organic 
radicals.  It  is  also  able  to  displace  silicon  from  its  compounds: 

l5-  A I  - •»  »c;h,),ak;i  -t— SiU 

.  I 

The  literature  describes  the  replacement  of  halogens  attached  to  the  silicon  by 
alkyl  radicals  at  high  temperatures  (Bibl.44)*  It  was  originally  found,  for  the  sub¬ 
stituted  silanes  of  type  RxSiCl^_x»  where  the  value  of  x  must  be  at  least  equal  to  1, 
that  aluminum  or  sine  were  satisfactory  catalysts.  A  mixture  of  dimethyldichloro¬ 
silane  and  methyl  chloride  in  the  proportion  1  :  1  at  35CPC  gave  a  30#  yield  of  tri- 
methyl  chloro  silane.  When  methyltrlchlorosilane  reacts  with  methyl  chloride  at  35CPC, 
6%  of  trimethylchlorosilane  and  4.5#  of  dimethyldichlorosilane  was  obtained.  When 
the  temperature  was  raised  to  45C?C ,  the  yields  were  increased  to  11#  and  21#,  re¬ 
spectively.  In  addition,  3-4#  of  methyldichlorosilane  was  obtained.  Dimethyldi¬ 
chlorosilane  and  methyl  bromide  in  molar  ratio  2:1  reacted  over  aluminum  at 
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350°C  forming  trimethylbromosilane ,  while  dimethyldibromosil&ne  and  ethyl  chloride 
yielded  dimethylethylchloroeilane.  The  reaction  of  methyl  chloride  with  dimethyldi- 
chlorosilane  in  the  presence  of  zinc  at  375°C  yielded  trlmethylchlorosilane  in  30j£ 
yield. 

The  literature  describes  a  process  for  the  preparation  of  organosilicon  compounds 
by  reacting  benzene  and  trichlorosilane  at  750-77 CPC  over  a  catalyst  consisting  of 
fused  quartz  and  small  pieces  of  clay  plates.  The  principal  reaction  product  was 
phenyltrichlorosilane  (Bibl.48). 

Preparation  of  Alkylchlorosilanes  from  Hydrocarbons  and  Chlorosllanes 

In  1935,  Shtetter  (Bibl.45)  described  the  reaction  between  SiCl^  and  certain 
compounds  containing  a  double  bond.  The  process  proceeds  under  a  pressure  of  10  to 
100  atm  in  the  presence  of  catalysts,  aluminum,  iron,  and  certain  heavy  metal  chlo¬ 
rides,  as  well  as  mercury  oxychloride.  According  to  the  data  of  the  author,  the 
process  proceeds  with  formation  of  products  containing  only  a  single  Si-C  bond.  The 
reaction  with  ethylene,  acetylene,  and  carbon  monoxide  may  be  represented  as  follows: 

CH-j-CH,  +  SiCI,  --  *  UCHjCHtSiCI, 

HC=CH  +SiCI«  -  •>  OCH-CHSiCI, 

C-0  f  SK;|«  -  CICOSiCI, 

The  reaction  described  by  Shtetter  is  very  interesting,  but  until  recently  net 
a  single  work  had  been  published  confirming  or  elaborating  his  data.  It  is  only 
recently,  in  one  of  the  patents  (Bibl.46)  that  an  indication  appeared  to  the  effect 
that  SiCl^  reacts  with  ethylene  in  the  presence  of  a  mixture  of  aluminum  chloride 
with  mercury  oxide  or  with  mercury  chloride.  The  process  proceeds  under  a  pressure 
of  16  atm,  at  25-35°C.  The  authors  did  not  isolate  the  reaction  product,  however; 

4 

all  the  reaction  mixture  was  hydrolyzed,  forming  a  polymer  of  the  composition 
(HCX^H^SiO]^  )x.  The  Shtetter  synthesis  does  not  seem  to  us  as  simple  as  the  patent 
indicates,  and  for  its  successful  accomplishment  a  number  or  precautions  are 
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obviously  necessary. 

According  to  data  of  Andrianov  and  Kochkin  (Bibl.A7),  3101^  reacts  with  a  hydro¬ 
carbon  at  a  temperature  over  4509(3: 

RH  -r  SiCI«  — •  >  RSiClj  +  HCI 

There  are  statements  In  patents  (Bibl.48)  that  when  a  mixture  of  SiCl^  and 
methane  Is  passed  over  pumice  at  50CP(3,  12.2%  of  methyltrlchlorosilane  can  be  obtain¬ 
ed,  and  that  a  certain  amount  of  phenyltrlchlorosllane  Is  obtained  from  a  mixture  of 
benzene  and  SiCl^  at  a  red  heat. 

This  method  at  the  present  time  ie  not  of  practical  importance,  since  the  reac¬ 
tion  proceeds  at  too  slow  a  rate,  even  at  temperatures  that  lead  to  appreciable  pyro¬ 
lytic  processes. 

The  difficulties  involved  In  the  addition  of  hydrocarbons  to  SiCl^  are  probably 
due  to  the  energetic  stability  of  the  Si-Cl  bond.  The  process  proceeds  in  an  entire¬ 
ly  different  way  where  one  of  the  bonds  of  the  silicon  atom  is  energetically  less 
stable.  Many  reactions  are  known  (Bibl.49)  in  which  the  Si-H  bond  is  broken  and  an 
organic  radical  adds  to  the  silicon  atom.  The  most  difficult  case  is  the  reaction 
between  trichlorosilane  and  an  unsaturated  hydrocarbon.  The  process  proceeds  readily 
in  the  presence  of  a  peroxide  or  on  irradiation  of  the  reaction  mass  with  ultraviolet 
light.  An  advantage  of  the  method  is  the  simplicity  of  the  separation  of  the  reac¬ 
tion  mass,  since  only  a  single  compound  is  formed  during  the  reaction  (Bibl.89). 

RCH  CH.-t-HSiCI,  >  RCHjCHjSiUj 

Where  the  olefin  molecule  has  a  double  bond  at  the  primary  carbon  atom,  the 
silicon  atom  adds  at  this  primary  atom.  In  this  way  a  number  of  alkyltrichloro- 
silanes  of  normal  or  branched  structure  can  be  prepared.  The  reaction  with  normal 
olefins  usually  takes  place  more  easily  than  with  branched  olefins.  If  the  double 
bond  of  the  olefins  is  in  the  middle  of  the  molecule,  however,  the  silicon  atom 
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adds  to  the  most  electronegative  carbon  atom* 

The  optimum  ratio  is  from  0.3  to  0.75  mol  of  olefin  to  1  mol  of  trichlorosilane, 
when  0.CEL3  to  0.026  mol  of  peroxide  per  mol  of  trichlorosilane  is  used.  As  an 
example  we  give  the  method  of  preparing  octyltrichlorosilanes  from  1-n-octene. 

Preparation  of  Octyltrichlorosilane.  A  mixture  of  7.9  g  of  octane  and  135.5  g 
of  trichlorosilane  is  placed  in  a  flask  provided  with  a  stirrer  and  a  reflux  condens¬ 
er  connected  with  a  dry  ice-acetone  trap.  To  remove  the  air,  dry  nitrogen  is  blown 
through  the  flask.  The  process  is  conducted  under  low  pressure  of  nitrogen  produced 
by  means  of  a  cylinder  and  a  mercury  seal  200  mm  high,  installed  after  the  trap. 

After  the  nitrogen  has  been  passed  for  2  hours,  the  temperature  of  the  mixture  irises 
to  45°C,  and  a  solution  of  1.5  g  of  crystalline  acetyl  peroxide  in  19.1  g  of  octene 
is  added  to  the  mixture  over  a  period  of  2  hours.  The  mixture  is  then  heated  9  hours 
at  5C-63°C,  after  which  the  excess  of  trichlorosilane  is  distilled  off,  and  the  resi¬ 
due  is  fractionated  under  reduced  pressure.  The  yield  of  octyltrichlorosilane  is 
80.9  g,  which  amounts  to  99£;  boiling  point  231-232°C  (731  mm). 

In  the  presence  of  a  peroxide  under  ultraviolet  irradiation,  the  process  is  con¬ 
ducted  at  A6-52°C  for  24  hours.  The  yield  of  octyltrichlorosilane  is  3US  of  the 
theoretical. 

Similar  reactions  with  isobutylene,  cyclohexene,  1-pentene  and  a  number  of  other 
olefins  take  place  at  70-10CPC  over  a  period  of  not  more  than  24  hours.  The  yield  as 
a  rule  is  high:  for  instance,  2-methyl-l-heptene  at  49-58°C  for  25  hours  gives  a 
yield  of  70^  of  product. 

Under  ultraviolet  irradiation  in  the  absence  of  peroxide,  the  yield  is  usually 
smaller,  and  equilibrium  is  reached  more  slowly;  for  instance,  in  the  presence  of  a 
peroxide,  allyl  chloride  forms  propyltrlchlorosilane  in  27  hours  in  21&  yield,  while 
under  ultraviolet  irradiation  without  peroxide  in  45  hours,  the  yield  is  only  8.4& 

The  mechanism  of  the  action  of  a  peroxide  catalyst  is  probably  as  follows.  In 
the  first  stage,  a  certain  number  of  free  radicals  are  fomed: 
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|CH,UX)).  >  2CH,COO. 

i:H,COO.  •  -  >  CHj.  +  C0. 


The  relative  weakness  of  the  Si-H  bond  makes  its  rupture  possible: 

ItSiO,  +  CM,.  >  (  II,  -j  SiCla • 

The  SiCLj  *  radical  reacts  with  the  olefin,  adding  at  the  position  of  the  double 

bond: 


RCH  =i(.JHs  -r  CI»Si  •  --  >  RCH-CHsSiCI, 

after  which  the  complex  so  formed  reacts  with  a  new  molecule  of  trichlorosilane  to 
form  a  new  trichlorosilyl  radical: 

RCHCI  l.’SiCI,  4.  HSiClj  — -  >  KCH|CH,SiCI,  +  SiCl, 

This  radical  again  adds  to  the  double  bond  of  the  olefin,  etc. 

The  addition  reaction  between  olefins  and  trichlorosilanes  has  been  studied  in 
detail  for  olefins  of  various  structures,  for  example  RCH  ■  CH2,  RCH  «  CHR,  I^C  ■  CH2 
R2C  ■  CHR,  R2C  -  CR2,  where  R  is  an  alkyl  or  chloro alkyl  radical. 

When  R  is  a  radical  with  a  normal  chain,  for  instance  methyl,  n-anyl,  or  n-hexyl 
then  alkyltrichlorosilanes  are  obtained  in  good  yield.  But  if  R  is  a  oultibranched 
chain,  for  instance,  tertiary  butyl  or  tetramethylmethane,  then  the  yield  of  alkyl” 
trichlorosilanes  is  substantially  lowered.  The  low  yield  of  isobutyltrichlorosilane, 
may  possibly  be  explained  by  the  fact  that  owing  to  the  higher  volatility  of  the 
olefin,  the  reaction  is  conducted  at  low  temperature.  A  peroxide  catalyses  this 
reaction  better  in  ultraviolet  light.  Under  the  action  of  ultraviolet  light  in  the 
reaction  with  2-methyl -2-butene,  however,  a  high  yield  of  the  product  was  obtained. 
The  alkyltrichlorosilanes,  under  ordinary  conditions,  are  not  capable  of  further 
reaction  with  the  olefins,  and  therefore  in  most  cases  very  pure  products  are  obtain¬ 
ed  by  this  reaction.  This  method  therefore  has  advantages,  for  the  preparation  of 
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the  alkyltrichlorosllanss,  over  the  Grignard  method  and  over  direct  synthesis,  both 
of  which  yield  mixtures  of  alkylchlorosilanes  (Bibl.50). 

The  synthesis  of  1,1,2-trimethylpropyltrichlorosilane  from  2,3-dimethyl-2-butene 
and  trichlorosllane  Is  of  Interest,  since  the  above  described  methods  of  preparing 
tertiary  alkylchlorosilanes  by  using  tertiary  lithium  compounds,  which  are  difficult 
to  prepare  in  good  yield  (Bibl.51),  are  disadvantageous*  A  comparison  of  the  results 
of  a  preliminary  study  of  the  reactions  between  1-octene  and  silicon  hydrides  has 
shown  that  trichlorosllane  reacts  considerably  more  readily  than  other  silanes. 
n-Propyldichlorosilane,  on  reaction  with  1-octene  in  the  presence  of  diacetyl  per¬ 
oxide,  gave  a  low  yield  (6%)  of  propyloctyldichlorosilane,  containing  admixtures. 
Triethoxya ilane  does  not  react  with  1-octene  in  the  presence  of  all  the  above  mention¬ 
ed  catalysts* 

Triethylsilane  does  not  react  with  1-octane  in  the  presence  of  a  peroxide,  but 
under  the  action  of  ultraviolet  light j  it  does  give  a  low  yield  of  an  Impure  product. 
Diethylsilane  gave  an  excellent  yield  of  a  product  which  apparently  consisted  mainly 
of  diethyloctylsilane,  but  it  could  not  be  isolated,  owing  to  the  amall  amount  of  the 
starting  product*  SiCl^  did  not  react  with  1-octene  in  the  presence  of  a  number  of 
catalysts. 

The  following  reactions  have  been  investigated  (Bibl*52): 

i«:i  i3)sc«*<:hi  +  HSiCi,  -  > 

+  HSiClj  -  >  C,H||SiCI. 

C,H„  -  HSiClj  >  C,H„SiCI, 

•  1 1 ,-CHSiCI,  +  I  ISiCI,  -  >  C!,SiCH/J  l,Sj<  :i, 

'0H7CH— CHj  4-  QIjSiHCI;  ■  *  C,H,,Si<'II,CI.. 

c*H,ai  rH.a.cHrSiHri,  -  >  r,n,OM:H. 

It  is  very  probable  that  these  reactions  might  be  considered  as  reactions  of 
free  radicals,  since  the  catalysts  are  peroxides  and  ultraviolet  light* 

The  literature  presents  a  description  of  the  reactions  between  silanes  and  alkyl 
chlorides  in  the  presence  of  aliadnum  chloride  (Bibl*53): 
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(C*H,),SIH  +  C,H„CI - i  C,Hm  +  (C|H()fSiCI 

CHjv  Aici. 

'  “•“.ww  +cHj>CHCH^H*a  — ^  QHn  +  (C,Hi)iSiC! 

CH 

(C*H,)iSiH  +ch*>CHCH|CH^HjC1  — (CH,),CHCH*CH,CH,  +  (C,H,)^lCI 

These  reactions  are  very  exothermic. 

There  are  indications  that  trimethyl chloromethylsilane  was  converted  under  the 
action  of  aluminum  chloride  into  dimethylethylchlorosilane  (Bibl.95 ),  and  that  be¬ 
sides  this  a  side  reaction  took  place,  the  disproportionation  of  dimethylethylchloro¬ 
silane,  as  a  result  of  which  a  mixture  of  trimethylchlorosilane,  diethyldichloro- 
silane  and  triethylchlorosilane  was  formed. 

The  monoalkyl-substituted  ethylenes  react  with  trichlorosilane  in  the  presence 
of  benzoyl  peroxide  under  ultraviolet  irradiation.  This  reaction  did  not  take  place 
with  triethoxysilane,  triethylsilane,  nor  with  SiCl^  (Bibl.55). 

The  process  may  also  be  conducted  under  pressure,  without  using  a  catalyst 
(Bibl.54),  but  in  this  case  it  proceeds  at  higher  temperatures.  Thus,  when  a  mixture 
of  trichlorosilane  with  octadecene  is  heated  for  2.5  hours  at  300PC,  octadecyltri- 
chlorosilane  is  obtained;  the  yield  is  94Jf  of  theoretical. 

At  a  temperature  above  the  decomposition  point  of  an  olefin,  its  addition  to  a 
trichlorosilane  involves  certain  side  processes;  thus,  for  example,  trichloroethylene 
and  trichlorosilane  at  49CPC  form  2 . 2-di chlorovinyltrichlorosilane  (Bibl.55)* 

CI^C-CHU  +  HSiCI, - *  CljCH— CHCISKZI, 

CljCH — CHCISiCI, - »  HCI  -f  CI^C-CHSlCI, 

The  formation  of  the  9,  0 -dichloro-isomer  (instead  of  the  a,  0-isomer,  as  that 
author  assuaed),  indicates  that  this  process  proceeds  according  to  the  mechanism  we 
have  presented,  instead  of  being  preceded  by  the  cleavage  of  HCI  and  the  formation 
of  dichloroacetylene,  which  reacts  with  the  trichlorosilane. 
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Preparation  of  2.2-dichlorovinyltrichlorosilane.  Into  a  glass  tube  9  no  in  di¬ 


ameter  and  180  mm  long,  an  inert  filler,  which  helps  to  improve  heat-transfer,  is 
charged.  A  mixture  of  35  g  of  trichloroethylene  and  25  g  of  trichlorosilane  is  intro¬ 
duced  at  a  temperature  of  A90pC  for  3  hours  into  the  tube.  From  the  50  g  of  reaction 
product,  on  rectification,  5*3  g  of  unreacted  trichlorosilane  and  29.4  g  of  dichloro- 
vinyltrichlorosilane  are  obtained  on  rectification;  boiling  point  of  the  latter  is 
52°C  (8  mm).  The  yield  is  37.7£.  The  quantity  of  HC1  formed  during  the  reaction 
(7  g),  somewhat  exceeds  the  theoretical  (6.5  g).  When  the  reaction  is  conducted  in 
a  sealed  tube  in  the  presence  of  a  peroxide  catalyst  at  a  low  temperature,  the  pro¬ 
cess  gives  a  very  low  yield. 

Dichlorovinyltrlchlorosilane,  as  a  compound  with  a  double  bond,  can  in  turn  add 
still  another  molecule  of  trichlorosilane: 

ClfC~CHSiCl,  +  SiHCI, - *>  CUSiGG^CHtSiCI, 

It  has  been  noted  (Bibl.46),  that  trichlorosilane  can  add  to  the  double  bonds 
of  rubber.  On  heating  a  mixture  of  trichlorosilane  and  a  benzene  solution  of  rubber 
at  30GPC  under  a  pressure  of  60  atm  for  16  hours,  a  product  containing  from  1  to  2 
rnols  of  trichlorosilane  at  the  double  bond  has  been  obtained,  which  on  hydrolysis  and 
condensation  forms  a  film  with  good  adhesion  to  glass. 

Tetrachloroethane  and  trlchloroethane  are  able  to  react  at  a  temperature  of 
50(fC  according  to  the  following  mechanism: 

CI4CH— CHCI, - *  CICH.0C1,  +  HCI 

och-cci,  +  HStci, - ►  o^ch— chcisici, 

<  :ijCH— CHClSiCI, - -*>  CljOCHSfCl,  -f  HCI 

Obviously  the  first  reaction  takes  place  at  the  lowest  velocity,  since  on  the 
inaction  between  trichlorosilane  and  trichloroethylene,  the  amount  of  dichloro vinyl - 
trichlorosilane  is  37. 7£,  while  the  yield  of  this  substance  from  tetrachloroethane 
is  only  15$. 

440 


F-TS-9191/V 


The  process  is  accomplished  by  passing  a  mixture  of  2.6,0  g  of  trichlorosilane 
and  26.5  g  of  trichloroethylene  through  a  9Hnm  contact  tube  at  50CPC  for  95  min. 

When  propylacetylene  reacts  with  trichlorosilanes,  1-pentenyl-l -trichlorosilane 
is  formed  (Bibl.55,  99). 

The  reaction  takes  place  according  to  the  formula: 

‘nll?C=UI  +  HSiCI*  >  CjHtCH-UISiCIa 

Preparation  of  l-pentenyl-l-trichlorosilane  (Bibl.55).  A  mixture  of  271  g  of 
trichlorosilane  and  12.1  g  of  benzoyl  peroxide  is  placed  in  an  enameled  autoclave. 

To  the  mixture  34  g  of  propylacetylene  dissolved  in  50  g  of  trichlorosilane  is  added. 
The  mixture  is  then  heated  to  8CPC  and  held  at  this  temperature  5 2  hours.  Fractiona¬ 
tion  of  the  reaction  products  yields  mainly  unreacted  trichlorosilane,  together  with 
10.8  g  of  l-pentenyl-l-trichlorosilane;  boiling  point  85°C  (80  mm). 

Dichloroacetylene  (easily  explodes  t)  reacts  in  the  presence  of  acetyl  peroxide 
with  trichlorosilane  in  a  sealed  tube  at  70°C  for  65  hours,  forming  at ,  3 -dichloro- 
vinyltrichlorosilanes. 


uc.  o:i  -HSiCI,  ->  <:icii«o:iSi<:i, 

The  yield  of  the  product  is  28$?. 

Trichlorosilane  may  be  alkylated  in  other  ways  than  the  action  of  unsaturated 
hydrocarbons.  Under  the  proper  conditions  (true,  with  low  yields)  it  reacts  with 
alkyl  halides  and  even  hydrocarbons  (Bibl.48,  56).  Thus  when  a  mixture  of  1  mol  of 
ethyl  chloride  and  1  mol  of  trichlorosilane  reacts  in  a  nickel  bomb  for  22  hours  at 
312-316°C  under  a  pressure  of  130  atm,  0.21  mol  of  ethyltrichlorosilane  and  0.66  mol 
of  SiCl^  is  formed.  A  mixture  of  1  mol  of  bromobenzene  and  0.85  mol  of  trichloro¬ 
silane,  when  passed  through  a  quartz  tube  filled  with  clay  tablets,  at  750-77CPC, 
reacts  to  fora  insignificant  amounts  of  phenyltrichlorosilane. 
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Preparation  of  Alkylhalosilanes  by  the  Diazo  Method 


Haloalkylhalosilanes,  containing  a  halogen  atom  in  the  a -position,  may  be  pre¬ 
pared  by  the  reaction  of  tetrahalosilanes  with  aliphatic  diazo  compounds. 

Using  the  diazo  method  developed  by  A.N.Nesmeyanov  (Bibl.57)  for  the  synthesis 
of  organo-element  compounds,  Yakubovich  and  Ginzburg  (Bibl.58)  first  established  the 
possibility  of  preparing  organosilicon  compounds  from  silicon  halides  and  aliphatic 
diazo  compounds. 

Under  ordinary  conditions  the  silicon  halides  (SiF^,  SiCl^,  SiBr^)  energetically 
decompose  aliphatic  diazo  compounds  (diazociethane,  diazoethane),  but  the  formation  of 
organosilicon  compounds  is  not  observed.  Organosilicon  compounds  can  be  obtained 
with  these  reactions  only  as  a  result  of  the  interaction  of  the  reagents  at  low  tem¬ 
peratures.  The  best  yields  (up  to  65%,  based  on  the  diazo  compound)  are  obtained  at 
temperatures  from  -70°C  to  -60°C.  The  reactions  proceed  according  to  the  formulas: 

SiCiU  -r  CU,N, - »  CICHjSiU,  +  N, 

SiCI,  -f  CH.CHN..  >  CHgCHClSiCI,  \., 

SiBr«  +  CH,N,  -4  BrCH*SiKr,  N, 

The  compound  formed  may  in  turn  be  alkylated  by  diazo  compounds: 

(.KJIgSiCI,  +  ►  (UCHsljSiClj  -t-  \, 

(CiCH,),si(:is  <:iisn,  v  «;ic.n,),Si<:i  v. 

Usually  a  mixture  of  products  is  formed,  and  the  predominance  of  any  one  of  then  de¬ 
pends  on  the  proportions  of  the  starting  reagents.  As  the  alkyl  radicals  accumulate, 
however,  further  alkylation  is  impeded.  The  t ri alkyl chlorosilanes,  for  instance 
trimethylchlorosilane,  enter  with  particular  difficulty  into  reaction  with  diazo- 
methane.  Triethylchlorosilane  is  not  alkylated  at  all  by  diazomethane,  even  on 
prolonged  contact. 

In  those  cases  where  the  reaction  between  halosilicon  compounds  and  diazo  com¬ 
pounds  proceed  slowly,  catalysts  may  be  used,  such  as  bronze,  anhydrous  copper  sul¬ 
fate,  and  the  like,  which  strongly  accelerate  the  reaction  between  these  reagents 
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without  exerting  any  substantial  influence  on  the  yield  of  organosilicon  products. 

SiF/^  is  not  alkylated  by  aliphatic  diazo  compounds,  although  it  does  energetic¬ 
ally  decompose  them.  The  silicon  bromides  are  alkylated  with  considerably  more  ease 
than  the  chlorides,  and  in  better  yield.  In  this  case  the  di-  and  trialkylhalo- 
silanos  ItjSiB^  and  R3SiBr  are  formed  with  appreciably  greater  ease  than  the  mono- 
alkylhalosilanes. 

In  this  way,  various  a -haloalkyl-derivatives  of  silicon  may  be  prepared. 
CiCH2SiCl3,  (ClCH2)2SiCl2,  (ClCH2)3SiCl,  CH3(ClCH2)SiCl2,  CHjCHClSiClj,  (BrCH2)SiBr3, 
(BrCH2)2SiBr2,  (BrCH2)3S.Br  have  been  prepared  by  this  method. 

The  mechanism  of  this  reaction  is  apparently  as  follows:  the  molecule  of  silicon 
halide,  on  meeting  the  unstable  molecule  of  the  aliphatic  diazo  compounds,  causes  it 
to  decompose,  liberating  nitrogen: 

<;il*v. - »  cl  lj  -  \, 

and  forming  an  alkylene  radical.  The  latter  in  turn  either  polymerizes  or  reacts 
with  the  molecule  of  silicon  halide. 

It  is  well  known  that  in  the  series  SiF^,  SiCl^,  SiBr^,  the  energy  of  the  Si-X 
bond  decreases  markedly  (from  1 43  kcal  for  3i-F  to  69  kcal  for  the  Si-Br  bond). 
Accordingly  the  possibility  of  the  Si-C-  bond  being  formed  may  be  facilitated  on 
transition  from  silicon  fluoride  to  silicon  bromide,  which  does  in  fact  happen. 

The  role  of  the  catalyst  (copper  etc)  reduces  down  to  the  acceleration  of  the 
process  of  decomposing  the  diazo  compound  into  the  alkylene  and  nitrogen,  if  this 
decomposition  proceeds  with  insufficient  energy  under  the  action  of  the  molecule  of 
silicon  halide  itself. 

The  practical  value  of  the  reaction  for  use  in  industry  is  reduced  owing  to  the 
need  of  conducting  it  at  a  low  temperature. 
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Preparation  of  Alkvlchlorosilanes  by  the  Vapor-Phase  Method  (Bibl.59) 

The  reaction  between  an  alkyl  halide,  an  alkylchlorosilane,  and  the  metal  is  of 
great  practical  interest,  since  it  allows  the  use  of  relatively  less  valuable  alkyl- 
trichlorosilanes  for  the  synthesis  of  the  di-  and  trialkyltrichlorosilanes.  The  re¬ 
action  between  methyltrlchlorosilane,  methyl  chloride  and  aluminum  powder  may  serve 
as  an  example  of  this  reaction: 

3CH,SiCI,  +  3CH,U  +  2AI  —  *  3(CH,)*SiCI|  +  2AICI, 

3(Clla)aSiClt  +  3CH.CI  +  2AI - -  3(CH»),SiCl  +  2AICI, 

Method  of  Preparing  Alkvlchlorosilanes  by  Vapor-Phase  Alkylation  (Bibl.59). 

Methyl  chloride  from  a  cylinder  enters  the  mixer,  where  it  is  bubbled  through  liquid 
chlorosilane  and  entrains  the  vapor  of  the  latter  into  the  contact  tube.  The  neces¬ 
sary  ratio  between  the  methyl  chloride  and  the  chlorosilane  is  maintained  by  regulat¬ 
ing  the  temperature  in  the  mixer.  The  contact  process  is  effected  in  a  glass  tube 
75  ran  in  diameter  and  6 00  ran  long,  into  which  500  g  of  aluminum*  have  been  charged. 

The  tube  is  heated  by  a  muffle  furnace.  The  products  of  the  reaction  pass  from  the 
contact  apparatus  into  a  trap  for  the  aluminum  chloride  (in  which  the  temperature  is 
maintained  at  lOCPc),  after  which  they  are  routed  to  the  condenser. 

Zinc  powder  may  be  used  instead  of  aluminum  as  the  halogen  acceptor.  The  follow¬ 
ing  figures  enable  us  to  evaluate  the  effectiveness  of  the  process. 

When  equimole cular  quantities  of  methyltrlchlorosilane  and  methyl  chloride  are 
passed  over  aluminum  at  L5&C,  a  condensate  is  formed,  consisting  of  2l£  of  tri- 
methylchlorosilane,  ll£  of  dimethyldichlorosilane,  and  traces  of  methyldichlorosilane; 
at  35C?C,  6*3%  of  trimethylchlorosilane  and  U*5%  of  dimethyldichlorosilane  are  formed. 

Prom  equimolecular  quantities  of  methyl  chloride  and  dimethyldichlorosilane, 
when  passed  over  aluminum  at  35CPC,  30%  of  trimethylchlorosilane  is  obtained.  The 
same  results  is  obtained  if  the  mixture  is  passed  over  zinc  at  375°C. 

*  The  particles  must  be  of  such  size  that  they  will  pass  a  No.  80  sieve. 
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By  passing  dimethyldichloro silane  and  ethyl  chloride  over  aluminum  at  350°C, 
dimethylethylchlorosilane  can  be  prepared;  2  mols  of  dimethyldibromosilane  and  1  mol 
of  methyl  bromide,  when  passed  over  aluminum  at  35CPC,  form  trimethylbromosilane. 

SiCl^  under  these  conditions  is  also  able  to  react  with  alkyl  chlorides,  but  the 
process  proceeds  with  extreme  slowness  and  the  yield  of  the  process  is  so  insignifi¬ 
cant  that  the  individual  reaction  products  cannot  be  separated. 

Alkylchlorosilanes  containing  the  Si-H  bond,  may  be  similarly  prepared,  by  pass¬ 
ing  a  mixture  of  hydrogen  and  an  alkylchlorosilane  through  a  contact  apparatus.  Thus, 
an  equimolecular  mixture  of  methyltrichlorosilane  and  hydrogen  at  45CPC,  when  passed 
over  aluminum,  forms  up  to  5%  of  methyldichlorosilane: 

GCI  IjSiCI.,  -j-  3H,  T  2AI  >  I*;l  IjSi!  1CI.  +  2A1CI, 

Dimethyldichlorosilane  does  not  react  under  these  conditions.  Tu.G.Mamedaliyev  and 
others  have  proposed  the  preparation  of  alkylhalo silane s  by  the  action  of  unsaturated 
hydrocarbons,  ethylene  and  HC1  on  an  alloy  of  iron,  silicon,  and  205?  of  copper,  at 
270-U-CPC.  The  authors  believe  that  HC1  adds  to  ethylene,  forming  ethyl  chloride, 
which  then,  under  the  catalytic  influence  of  the  copper,  reacts  further  with  silicon 
to  form  ethylchlorosilanes  (Bibl.60).  A  method  of  preparing  the  alloy,  is  described, 
and  it  is  shown  that  with  certain  ratios  of  silicon  to  copper,  an  alloy  is  obtained 
which,  when  reacted  with  ethyl  chloride,  propyl  chloride,  or  tert-butyl  chloride, 
will  yield  mainly  alkyltrichlorosilanes  and  dialkyldichloro silanes.  The  reaction 
with  tert-butyl  chloride  is  also  accompanied  by  side  processes,  the  formation  of 
resins  and  gaseous  hydrocarbons  (Bibl.6l). 

The  alkylhalosilanes  may  also  be  prepaired  by  the  action  of  aluminum  chloride, 
ferrous  chloride,  or  bismuth  trichloride  on  tetra-substituted  silanes  by  the  reaction 
(Bibl.62): 

3(02^31  ♦  2BiCLj  — ►  3(C2H«j)gSiCl  ♦  SCgHjCl  ♦  2Bi 
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This  reaction  proceeds  only  at  high  temperature.  The  heating  of  the  tetraethyl - 
silane  with  bismuth  trichloride  in  ether  and  alcohol  up  to  their  boiling  points  does 
not  lead  to  the  cleavage  of  the  organic  radical.  However,  heating  tetraethylsilane 
with  bismuth  trichloride  at  the  boiling  point  of  tetraethylsilane  for  only  2  hours 
does  lead  to  the  formation  of  triethylchlorosilane. 

T'gthod  of  Preparing  Pure  Trialkylchlorosilanes 

'.■.'hen  3S5  HC1  acts  on  hexamethyldisiloxane,  the  cleavage  of  the  siloxane  bond 
takes  place,  and  a  certain  amount  of  trimethylchlorosilane  is  formed: 

(CH3)3SiOSi(CH3)3  ♦  2HC1  - ►  2(CH3)3SiCl  ♦  H2O 

This  reaction  is  the  only  example  of  the  cleavage  of  the  siloxane  bond  under  the 
action  of  HCi,  and  demonstrates  the  weakness  of  the  bond  between  the  trialkylsilyl 
3rcup  and  other  atoms  or  groups.  This  peculiarity  of  the  trialkylsilyl  group  has 
been  ueed  for  certain  reactions  for  preparing  trialkylchlorosilanes  (Bibl.63). 

!!exaal!vrldisiloxanes  readily  reacts  with  concentrated  sulfuric  acid,  forming  a 
sulfate: 


HgSiOSiHg  ♦  2H2S04 - ►  2(83310)80^  ♦  H^O 

The  sulfates  so  obtained  reacts  with  HCI  to  form  a  trialkylchlorosilanes 
(RgdiOSO-jH  ♦  HCI  - -  ^SiCl  ♦  H2S04 

Cr.ly  the  trialkylsilyl  group  is  distinguished  by  the  ability  of  entering  into  a 
reaction  of  this  type;  bifunctional  structural  units  RgSi  <  do  not  react  at  all,  so 
that  only  the  trialkylchlorosilane  is  present  in  the  product.  The  preparation  of 
fluorotrialkylchlorosilanes  by  this  method  may  be  of  practical  interest. 

Preparation  of  Triethylchloro3ilar.es  from  Hexaethyldisiloxane.  To  275  ml  of 
sulfuric  acid  of  specific  gravity  1.84,  265  g  of  hexaethyldisiloxane  is  added  under 
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stirring,  after  which,  175  g  (or  a  somewhat  smaller  amount)  of  ammonium  chloride  is 
added  gradually,  over  a  period  of  2  hours,  with  stirring.  The  stirring  is  continued 
for  another  hour,  then  the  upper  layer  is  taken  off  and  the  reaction  product  is  dis¬ 
tilled  from  a  flask  provided  with  a  column.  The  yield  of  triethylchlorosilane  is 
fO-9 Ql  of  theoretical,  the  purity  of  the  product  depending  on  the  care  with  which  the 
solvent  was  removed  from  the  hexaethyldisiloxane.  When  rectified  hexaethyldisiloxane 
is  used,  with  the  boiling  point  230-235°C,  the  triethylchlorosilane  may  be  obtained 
in  the  chemically  pure  state. 

Chemically  pure  trimethylchlorosilane  may  be  prepared  similarly  from  hexa- 
methyldisiloxane . 

The  preparation  of  trimethylchlorosilane  from  hexamethyldisiloxane  is  described 

on  page  53/' . 

“ripropyl-  and  tributylchlorosilanes  may  be  prepared  by  the  method  described 
shove  for  the  preparation  of  triethylchlorosilane. 

Another  reaction  which  also  leads  to  the  formation  of  trialkylchlorosilane3 
("ibl.5C),  is  that  between  trialkylaminosilanes  and  HC1: 

R,Si\ll.  r  2IICI  >  RaSiCI  +  NHtc| 

Preparation  of  Triethylchlorosilane  from  Triethylaminosilane.  1.  To  160  ml  of 
concentrated  HC1,  13  g  of  triethylaminosilane  is  added  over  a  period  of  half  an  hour. 
The  upper  layer  is  removed,  dried  over  anhydrous  sodium  sulfate,  and  distilled,  yield¬ 
ing  12  g  of  triethylchlorosilane,  or  805?  of  theoretical.  Chloroethyldiethylchloro- 
silane  is  prepared  similarly,  from  chloroethyldiethylaminosilane,  in  a  yield  79%  of 
theoretical. 

A  different  method  of  conducting  this  reaction  is  also  possible. 

2.  Through  a  solution  of  20  g  of  triethylaminosilane  in  150  ml  of  ether,  hydro¬ 
gen  chloride  is  bubbled.  On  the  completion  of  the  reaction,  the  anmoniua  chloride 
is  filtered  off  and  the  filtrate  is  distilled.  The  yield  of  triethylchlorosilane 
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is  10%  of  theoretical.  Chloroethyltriethylchlorosilane  in  lb%  yield  is  prepared 
under  similar  conditions  from  chloroethyldiethylaminosilane. 

The  tetra-substituted  silanes  containing  a  halogen  atom  in  the  side  chain  are 
able  to  undergo  rearrangement  under  the  action  of  small  amounts  (1^)  of  ammonium 
chloride  at  80-10CPC,  forming  trialkylchlorosilanes,  for  example: 

i < .1  i  u;i  - ►  i< :i .1  ijSit  :i 

The  trialkylchlorosilanes  are  formed  under  the  action  of  elementary  chlorine,  or 
of  alkyl  halides  (in  the  presence  of  ammonium  chloride)  on  trialkylsilanes  containing 
the  Si-H  bond.  Under  the  action  of  benzoyl  chloride  or  phosphorus  chlorides  on  sub¬ 
stituted  esters,  or  of  phosphorus  pentaehloride  on  silanols  (for  example,  on  tri-  • 
phenylsilanol),  alkyl-  and  arylchlorosilanes  may  also  be  prepared. 

Alkylhalosilanes  may  be  prepared  by  the  action  of  alkylhalides  on  polyhalo- 
silanes  : 


v..<  •+  km  i  - ■*  KSi«  i,  -  s.ri, 

This  reaction  proceeds  in  the  presence  of  the  catalysts  CuCl,  SbCl-j,  etc,  at  a 
temperature  of  100-1 5 CPC  (Bibl.6/i). 

Preparation  of  Alkyl-(Aryl)-Fluorosllanes 

Preparation  of  Alkyl- (Aryl )-Fluorc silanes  by  the  Aid  of  Organomagnesium  Compounds 
In  contrast  to  3iCl^,  Sil^  reacts  so  actively  with  organomagnesium  compounds 
that  it  is  impossible  to  control  the  process  properly.  The  principal  reaction  pro¬ 
duct  is  a  trialkyl-  or  triarylfluorosilane,  and  the  tetraalkylsilane  is  also  fre¬ 
quently  formed.  Dialky ldifluorosilanes  can  be  prepared  by  this  method  only  where  the 
organic  radical  they  contain  is  branched  (for  instance  by  the  aid  of  isopropyl- 
magnesium  chloride). 

The  replacement  of  throe  atoms  of  fluorine  proceeds  very  rapidly  and  30  well 
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that  a  general  method  of  adding  three  organic  radicals  to  the  silicon  atom  may  be 
based  on  this  reaction.  Thus,  for  example,  the  synthesis  of  the  trialkyliodosilanes, 
I^Sil,  and  the  tetra-substituted  silanes  f^SiR,  is  most  conveniently  conducted  by 
way  of  the  trialkylfluorosilanes,  prepared  according  to  the  reaction: 

t  Sir,  >  U:,Sif  +3MKXI 

followed  by  iodination  or  alkylation  of  the  trialkylfluorosilanes. 

The  reaction  for  the  preparation  of  the  trialkylfluorosilanes  from  SiCl^  and 
organomagnesium  compounds  was  first  investigated,  in  1935,  by  Medoks  and  Kotelkov, 
on  the  example  of  triphenylfluorosilane  (Bibl.65). 

Preparation  of  Triphenylfluorosilane.  SiF^,  (prepared  by  heating  a  mixture  of 
3.5  g  of  CaF2,  6  g  of  glass  powder,  and  33  g  of  sulfuric  acid)  is  passed  for  2  hours 
45  min  through  a  tube  with  glass  wool  (to  remove  the  HF)  into  a  flask  with  a  solution 
of  phenylmagnesium  bromide  (prepared  from  3.6  g  of  magnesium  shavings,  24.3  g  of 
bromobenzene,  and  75  ml  of  ether).  The  product  reacted  completely.  The  trialkyl¬ 
fluorosilanes  do  not  react  with  water,  and  therefore  the  precipitate  of  magnesium 
fluorobromide  is  washed  away  with  water  acidified  by  HC1  (50  ml).  The  product  is 
extracted  with  30  ml  of  ether,  the  extract  is  evaporated,  and  the  triphenylfluoro¬ 
silane  is  separated  by  rectification  at  the  boiling  point  20C-21C°C  (10  mm). 

Medoks  (Bibl.65)  similarly  prepared  tribenzylfluorosilane,  in  6-7  g  yield  from 
33.77  g  of  benzylchloride,  6.49  g  of  magnesium,  121  ml  of  ether,  and  SiF/t  vapor; 
boiling  point  235. 5°C  (7.6  mm). 

A  number  of  trialkylfluorosilanes  may  be  prepared  by  the  same  method  (Pibl.66, 
67).  3iF^  my  be  prepared,  either  by  the  above  method,  or  by  the  action  of  sulfuric 
acid  on  a  mixture  of  HaFj  and  silica.  The  product  may  be  most  simply  purified  by 
passing  it  through  tablets  of  I’aF^,  which  absorb  K7. 

The  reaction  with  ethylmagnesium  bromide  gives  a  relatively  low  yield,  and 
tetraethylsilane  is  formed  together  with  triethylfluoroailane. 
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The  precipitate  of  magnesium  salts  may  be  washed  away  by  a  weak  solution  of 
sulfuric  acid;  the  washed  solution  is  dried  and  rectified,  yielding  11$  of  triethyl- 
fluorosilane  and  15$  of  tetraethylsilane. 

Propyl-,  butyl-,  and  amylmagnesium  chloride  react  under  similar  conditions  only 
to  form  trialkylfluorosilanes,  and  in  considerably  better  yields;  the  yield  of  tri- 
propylfluoro silane  is  43$  of  theoretical  and  that  of  triamylfluorosilane  i3  58$. 

V/hen  SiF^  is  passed  for  6  hours  over  a  solution  of  isopropylmagnesium  chloride 
in  500  ml  of  ether,  reaction  takes  place,  forming  a  mixture  of  diisopropyldifluoro- 
silane,  in  13.5$  yield,  and  triisopropylfluorosilane,  in  7.5$  yield.  The  reaction 
mixture  is  likewise  separated  by  washing,  drying,  and  rectification. 

The  yield  of  triethylfluorosilane  by  the  Grignard  reaction  wa3  45$,  that  of  tri- 
propylfluorosilane,  62$,  that  of  tributylfluorosilane,  70.1$,  that  of  triamylfluoro- 
silane,  57.6$.  The  fluorosilanes  are  very  stable.  The  fluorine  attached  to  a 
silicon  atom  cannot  be  split  off  even  by  reaction  with  sodium  in  liquid  ammonia. 

Preparation  of  Alkyl- (Aryl )-Fluorosilanes  by  Fluorination  of  Polyorganosiloxanes 

The  replacement  of  hydrogen  atoms  by  fluorine  atoms  is  effected  by  the  action 
of  HF  on  polyorganosiloxanes  in  the  presence  of  water-removing  agents  (Pibl.68): 

St  i)  -S  -  f  2111  - ►  2  S,l  11.4  i 

I 

The  Si-C  bond  is  completely  stable  against  the  action  of  HF,  and  therefore  the 
process  can  be  conducted  with  almost  quantitative  yield. 

This  reaction  makes  it  possible  to  prepare  most  alkyl-  and  arylfluorosilanes  by 
hydrolysis  of  the  corresponding  alkyl-  or  arylchlorosilanes  and  treatment  of  the 
hydrolysis  products  with  HF  or  ammonium  fluoride  in  the  presence  cf  sulfuric  acid. 

For  instance  trinethylfluoro silane  nay  be  prepared  from  hexanethyldisiloxane  and 
ammonium  fluoride  by  the  reaction: 
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Preparation  of  Alkvlfluoro silanes  from  Polvalkyldisiloxanes .  In  a  flask  pro¬ 
vided  with  a  stirrer  and  a  mercury  seal,  is  placed  a  mixture  of  polymethylsiloxanes 
(prepared  by  hydrolysis  of  a  mixture  of  methylchlorosilanes)  with  80E?  oleum,  and  a 
small  amount  of  a  wetting  agent  (tergitol).  Into  the  flask,  with  stirring,  HF  is 
bubbled,  and  the  gaseous  methylfluorosilanes  formed  are  passed  through  tablets  of 
sodium  fluoride  into  a  condenser,  where  they  are  condensed  by  means  of  solid  carbon 
dioxide  or  liquid  nitrogen.  The  mixture  of  methylfluorosilanes  may  be  separated  in 
a  special  low-temperature  rectification  column. 

Trimethylfluoro silane  may  be  prepared  by  a  considerably  simpler  method. 

To  196  g  of  concentrated  sulfuric  acid,  81  g  of  hexamethyldisiloxane  is  added 
with  stirring  and  cooling  with  ice.  Then  18.1  g  of  ammonium  fluoride  is  gradually 
introduced  into  the  reaction  mixture,  with  stirring  and  slight  wanning.  The  tri- 
methylfluorosilane  is  caught  by  means  of  ether. 

Diethyl  and  ethylfluorosilanes  are  prepared  similarly: 

The  product  of  the  hydrolysis  of  diethyldiethoxysilane  are  mixed  with  stilfuric 
acid,  and  then,  with  stirring,  ammonium  fluoride  (or  calcium  fluoride)  is  gradually 
added  to  the  mixture.  The  mixture  is  allowed  to  stand,  the  upper  layer  is  then 
separated,  and  the  diethyldifluorosilane  is  separated  from  it  by  fractional  distil¬ 
lation. 

Ethyltrifluorosilane  is  prepared  from  the  hydrolysis  product  of  ethyltrichloro- 
silane,  sulfuric  acid,  and  calcium  fluoride.  Dimethylethylfluoro silane  is  prepared 
by  the  action  of  5C  g  of  ammonium  chloride  on  a  mixture  of  12  g  of  tetramethyldi- 
ethyldisiloxanes  and  ICO  ml  of  sulfuric  acid  at  a  temperature  not  higher  than  15°C. 
The  assr-onium  fluoride  is  introduced  over  a  period  of  15  minutes,  after  which  the 
mixture  is  poured  onto  ice,  washed,  dried,  and  rectified:  the  yield  of  dimethyl- 
ethylflucrosilane  is  75.?,  ar.d  its  boiling  point  is  19.S°C  (712  nm).  T'ethyldijropyl- 
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fluoro silane  is  6 Cfl  yield,  and  a  number  of  other  alkylfluorosilanes,  have  been  pre¬ 
pared  by  this  method  (Bibl.67). 

Preparation  of  Alkyl- (Aryl  )-Fluoro silanes  by  the  Fluorination  of  Alkyl- ( Aryl )-Chloro- 
s i lanes 

The  reaction  is  conducted  by  the  action,  on  alkyl-(aryl)-chloro3ilanes,  of 
fiuorinating  agents:  fluorides  of  tin,  zinc,  lead  HF,  and  mo3t  often,  the  most  active 
reagent  of  all,  antimony  trifluoride,  which  is  usually  used  in  the  presence  of  anti¬ 
mony  pentachloride .  The  principal  product  of  the  reaction  is  a  compound  in  which  the 
chlorine  has  been  completely  replaced  by  fluorine,  since  the  initial  temperature  at 
which  the  replacement  of  the  first  chlorine  atom,  takes  place,  as  a  rule,  is  higher 
than  the  temperature  of  replacement  of  the  following  chlorine  atoms. 

It  is  also  possible  to  separate  intermediate  reaction  products,  whose  yield  is 
increased  when  larger  amounts  of  antimony  pentachloride  are  used. 

Fluorination  of  Alkylchlorosilanes  (Bibl.67.  68.  69).  In  a  gla33  flask,  pro¬ 
vided  with  a  stirrer,  and  which  serves  as  the  retort  for  a  rectification  column,  the 
alkylchlorosilanes  and  fiuorinating  agent3  are  placed.  The  reaction  is  conducted 
under  reduced  pressure  in  order  completely  to  remove  the  fluorides  formed  in  the  form 
of  gases.  The  reaction  products,  after  passing  through  the  rectification  column, 
where  the  unreacted  alkylchlorosilanes  are  separated  and  returned  to  the  still  for 
the  fluorination,  are  condensed  by  cooling  with  solid  carbon  dioxide  or  liquid  nitro¬ 
gen. 

1.  Fluorination  of  methyltrichlorosilane  proceeds  well  under  the  action  of 
antimony  trifluoride  in  the  presence  of  antimony  pentachloride  at  A5°C.  The  reac¬ 
tion  product  is  methyltrifluoro silane  with  a  small  admixture  of  methyldifluorosilane. 
If  the  fluorination  is  conducted  by  passing  methyltrichlorosilane  vapor  over  calcium 
fluoride  at  2G0°C,  all  three  products  of  fluorination  are  formed  in  equivalent 
amounts,  but  in  insignificant  yield, 

2.  The  fluorination  of  dimethyldichlorosilanes  by  antimony  trifluoride  in  the 
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presence  of  antimony  pentachloride  yields  dimethyldifluorosilane  mixed  with  an  insig¬ 
nificant  amount  of  dimethylfluorochlorosilane. 

As  we  have  stated,  methyldichlorosilane  is  very  difficult  to  separate  from 
traces  of  dimethyldichlorosilane.  The  separation  of  these  products  may  be  effected 
by  fluorination  of  the  mixture  under  residual  pressure  of  50  mm.  In  this  case  the 
dimethyltrichlorosilane  is  completely  fluorinated,  while  the  methyltrichlorosilane 
remains  unchanged. 

3.  The  fluorination  of  trimethylchlorosilane  may  be  conducted  either  with  the 
pure  starting  material  or  in  a  mixture  with  SiCl^  (54-57°C  fraction),  since  SiCl^  is 
not  fluorinated  by  antimony  trifluoride  or  by  zinc  fluoride.  The  fluorination  of  the 
methylchlorosilane  may  be  accomplished  by  the  action  of  zinc  fluoride  dried  2 A  hours 
at  lOCPC.  The  mixture  is  heated  at  the  boiling  point,  and  the  fluorides  formed  are 
removed  through  the  rectification  column  and  condensed  on  cooling  with  solid  carbon 
dioxide. 

A.  The  fluorination  of  methyldichlorosilane  may  be  accomplished  by  the  action  of 
a  mixture  of  antimony  trifluoride  and  antimony  pentachloride  at  room  temperature ;  in 
thi3  case,  together  with  methyldifluoro silane  in  35%  yield,  a  considerable  amount  of 
methylfluorochlorosilane  (in  15%  yield),  an  intermediate  fluorination  product,  is 
also  formed. 

5.  The  fluorination  of  methyldichlorosilane  by  the  aid  of  antimony  trifluoride 
(in  the  absence  of  antimony  pentachloride)  (Bibl.69)  proceeds  at  a  temperature  of 
about  2CPC,  under  atmospheric  pressure.  The  average  yield  of  the  fluorination  pro¬ 
ducts  was  about  50%,  and  they  consisted  of  about  70%  of  methyldifluorosilane  and  30% 
of  methylfluorochlorosilane.  Thus  the  Si-H  bond  is  preserved  on  fluorination.  The 
fluorination  products  were  condensed  in  a  bulb  cooled  by  liquid  nitrogen,  and  were 
then  fractionated  on  a  low-temperature  column.  A  solution  of  solid  carbon  dioxide 
and  acetone  was  used  as  the  cooling  agent  during  rectification. 

6.  Fluorination  of  ethyltrichlorosilane  (215  g)  by  the  action  of  antimony 


F-TS-9191/V 


453 


trifluoride  in  the  presence  of  antimony  pentachloride  at  40°C  under  residual  pressure 
of  225  nan  leads  to  the  production  of  a  mixture  consisting  of  70  g  of  ethyltrifluoro- 
silane,  8  g  of  ethyldichlorofluorosilane,  and  15  g  of  ethylchlorodifluorosilane. 

7.  On  fluorination  of  propyltrichlorosilane  by  antimony  trifluoride  in  the  pres¬ 
ence  of  antimony  pentachloride  under  a  pressure  of  460-480  mm,  propyltrifluorosilane 
is  formed  in  8C?  yield;  at  a  residual  pressure  of  200  mm,  traces  of  the  intermediate 
fluorination  products  are  also  formed.  The  products  are  separated  by  rectification 
at  500  mm;  propyltrifluorosilane  in  vacuo  boils  at  15-l6°C,  propylchlorodifluoro- 
silane  at  55-57°C,  and  propyldichlorofluorosilanes  at  88-9 CPC.  The  yield  of  inter¬ 
mediate  products  of  fluorination  is  increased  when  a  diluent  (tetrachloroethylene) 

is  used. 

It  has  been  noted  that  propyltrifluorosilane,  like  an  aryltrifluorosilane,  is 
usually  converted  into  a  glass  like  mass  on  freezing  (crystals  are  obtained  with 
great  difficulty). 

8.  Fluorination  of  isopropyltrichlorosilane  by  antimony  tri fluoride  at  2 CPC  and 
a  residual  pressure  of  100-300  mm,  leads  to  the  formation  of  70-75 %  of  isopropyltri- 
fluorosilane,  8-10?  of  isopropyldifluorochlorosilane,  and  17-20!?  of  isopropylfluoro- 
dichlorosilane. 

9-  Fluorination  of  butyltrichlorosilane  by  antimony  trifluoride  in  the  presence 
of  antimony  pentachloride  at  70-125°C  and  a  residual  pressure  of  175-425  mm,  yields 
33-4 C?  of  butyltrifluorosilane,  1-4?  of  butyldifluorochlorosilane,  and  5-10?  of 
butylfluorodichlorosilane. 

The  low  yields  of  the  intermediate  fluorination  products  are  noted.  The  authors 
explain  this  by  the  fact  that  the  replacement  of  each  chlorine  atom  by  a  fluorine 
atom  takes  place  at  a  definite  temperature,  below  which  this  reaction  does  not  pro- 
ceed.  This  temperature  decreases  with  the  increasing  number  of  fluorine  atoms  in 
the  molecule.  Thus,  if  the  reaction  temperature  is  higher,  for  instance,  then  the 
temperature  of  formation  of  propyldichlorofluorosilane,  then  the  process  of 
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fluorination  will  continue. 

Preparation  of  Phenvlfluorosilanes  by  the  Pluorlnatlon  of  Phenvlchlorosilanes. 

1*  A  mixture  consisting  of  4*6  mol  of  phenyltrichlorosilane,  2. A  mols  of  anti¬ 
mony  trifluoride,  and  1  ml  of  antimony  pentachlorlde  is  heated  6.5  hours  at  6 0-8 CPC 
and  residual  pressure  6-7  mm,  yielding  1.75  mols  of  phenyltrifluorosilane,  0.44  mol 
of  phenyldifluorochlorosilane,  and  0.41  mol  of  phenylfluorodichlorosilane. 

2.  On  heating  2.53  mols  of  diphenyldichloro silane  and  4*  03  mols  of  lead  tetra- 
fluoride  at  1.45-l6cPc  (7  mm),  a  mixture  of  diphenyldifluorosilane  and  diphenyl- 
fluorochlorosilane  is  formed. 

Under  the  action  of  zinc  fluoride  on  the  corresponding  organochlorosilanes,  the 
following  compounds  were  prepared:  ethyltrlfluorosilane,  phenyltrifluorosilane, 
dimethyldichlorosilane,  diethyldifluorosilane,  diphenyldifluorosilane,  triethylfluoro- 
silane,  and  triphenylfluorosilane  (Bibl.70,  71,  72). 

Fluorination  may  also  be  accomplished  under  the  action  of  dry  HF.  Dlbutyldi- 
chlorosilane  reacts  with  HF  at  0°C,  and  on  subsequent  slow  wanning  of-  the  mixture  to 
room  temperature  over  a  period  of  10  hours.  The  excess  of  HF  is  precipitated  by 
sodium  fluoride,  and  the  reaction  product  is  then  filtered  and  rectified.  The  yield 
of  dibutyldifluorosilane  is  7058.  Mono-,  di-,  and  triallylfluoro silanes,  as  well  as 
phenylfluorosilanes,  may  be  similarly  prepared. 

The  action  of  HF  on  compounds  of  the  type  R^SiCl^.j,  takes  place  rapidly,  even 
without  the  use  of  catalysts.  The  formation  of  neither  hydrocarbons  nor  tetr&fluoro- 
silane  was  observed.  Anhydrous  HF  was  placed  in  a  copper  boiler  cooled  with  ice,  and 
the  alkylchlorosilane  was  added  to  it.  The  reaction  mixture  was  then  wanned  to  room 
temperature  over  a  period  of  8-10  hours,  the  excess  of  HF  was  removed  by  NaF,  and  the 
precipitate  was  washed  away  with  benzene.  In  this  way  the  following  compounds  were 
prepared  (C6H5)2SiF2;  CjHnSiFj;  (C5H11)2SiF2;  (C5Hu)3SiFj  C4H9SiF3;  (Cj^SlF; 
CH3SiF3  (CH3  JgSiFj j  (C4H9)3SiF2. 

The  activity  of  these  compounds  varied  with  the  number  of  fluorine  atoms  in  the 
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molecule  (Bibl.73,  74,  75,  76,  77). 

These  products  are  insoluble  in  water,  and  their  hydrolysis  proceeds  on  the 
phase  separation  interface.  The  products  are  soluble  in  petroleum  ether,  benzene, 
toluene,  chlorinated  hydrocarbons,  ether  and  ethyl  acetate.  They  are  soluble  in 
acetone,  but  apparently  enter  into  reaction  with  it,  since  the  solution  on  standing 
first  takes  on  a  pale  yellow  color,  which  passes  on  further  standing  into  a  dark  red. 
It  is  possible  that  under  the  action  of  butylfluorochlorosilanes,  acetone  is  dehydra¬ 
ted,  and  mesityl  oxide,  or  phorone,  is  formed  from  it.  This  reaction  has  not  been 
investigated. 

On  the  reaction  with  alcohols,  each  of  the  halides  behaves  differently,  accord¬ 
ing  to  the  nature  of  the  halide  and  the  alcohol.  With  methyl  alcohol,  for  instance, 
all  three  halides  react,  trifluorosilane,  dichlorofluorosilane,  and  difluorochloro- 
silane.  In  butanol,  on  the  contrary,  butyltrifluorosilane  is  esterified  very  slowly. 
Iron,  steel,  copper,  and  platinum  do  not  react  with  butyltrifluorosilane  and  mixed 
butylfluorochlorosilanes  at  ordinary  temperatures.  Butyltrifluorosilane  is  toxic, 
and  the  inhalation  of  small  amounts  of  it  causes  violent  headache  and  a  dazed  condi¬ 
tion.  The  mixed  halides  do  not  possess  this  property,  but  they  are  still  lacrimators. 

Preparation  of  Alkyl- (Aryl )-Fluorosllanea  by  Fluorinatlon  of  Alkoxv-and  Aminosilanes 

Alkyl- (aryl )-fluoro silanes  are  also  prepared  by  fluorinatlon  of  organosilicon 
compounds  containing  the  Si-0,  Si-Cl  or  Si-N  bond,  by  means  of  HF. 

The  synthesis  of  organofluorosilanes  from  organoalkoxysilanes  and  organochloro- 
silanes  by  the  action  of  an  aqueous  solution  of  HF  at  (fiC  has  been  described. 

We  present  a  typical  example  of  the  synthesis  of  a  dialkyldifluorosilane. 

Preparation  of  Dipropyldifluorosilane  by  Fluorination  of  Dipropvldiethoxvsilane 
(Bibl.186).  In  a  1250  cnr^  flask  provided  with  a  stirrer,  and  cooled  in  an  ice  bath 
at  0pC,  100  g  (2.4  mols)  of  4856  HF  and  52  g  (0.258  mols)  of  dipropyldiethoxysilane 
are  placed.  The  mixture  is  stirred  3  hours  and  then  the  upper  organic  layer  is 
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removed.  Fractionation  of  the  organic  layer  yields  37.0  g  (0.243  mols)  of  dipropyl- 
difluorosilane,  in  97*5$  yield. 

Alkyl- (aryl )-fluorosilane3  are  formed  by  the  action  of  HF  on  aminosilanes 
(Bibl.50).  The  aminosilanes  are  prepared  by  the  action  of  ammonia  on  alkylchloro- 
silanes.  The  reaction  with  trialkylaminosilanes  proceeds  most  easily. 

Preparation  of  Triethylfluorosilanes  by  Fluorination  of  Triethvlajid  nnaS 1 »n*.  To 
60  mol  of  HF,  cooled  by  ice,  12  g  of  triethylaminosilane  are  added  over  a  period  of 
5  min.  After  standing  for  10  minutes,  the  upper  layer  is  removed,  dried  over  sodium 
sulfate,  and  distilled,  yielding  89$  of  triethylfluorosilane.  Chloroethyldiethyl- 
fluorosilane  in  82$  yield  can  be  similarly  prepared  from  chloroethyldiethylamino- 
silane. 

Preparation  of  Alkyl-(Aryl)-Bromosilanes 

The  synthesis  of  alkyl-(axyl)-bromosilanes  by  means  of  organometallic  compounds 
from  the  corresponding  tetrahalosilanes  has  not  been  described  in  the  literature  and 
is  not  of  practical  interest.  They  are  prepared  by  the  reaction  of  alkyl  bromides 
with  a  copper-silicon  contact  mass,  under  the  action  of  HBr  on  alkylaminosilanes,  or 
by  the  reaction  of  tetrabromosilane  with  diazcmethane. 

When  an  alkyl  bromide  or  aryl  bromide  reacts  with  a  copper-silicon  contact  mass 
(Bibl.28),  a  mixture  of  the  corresponding  alkyl-(aryl)-bromosilanes  is  formed. 

From  the  products  of  the  reaction  between  methyl  bromide  and  a  20$  copper- 
silicon  contact  mass  at  275°C,  trlmethylbromosilane  and  methyltribromosilane  can  be 
separated  by  rectification.  The  main  products  of  the  reaction  at  a  temperature  up 
to  28 CP  is  probably  dimethyldibrooosilane,  since  on  the  hydrolysis  of  the  mixture 
obtained  on  the  reaction,  a  liquid  polymethylsiloxane,  coagulating  only  after  heat¬ 
ing  for  a  day  at  20CPc,  is  formed. 

Bromobenzene  reacts  with  an  oxidized  50 $  copper-silicon  alloy  at  L3CPC  to  form 
diphenyldibromosilane. 
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In  recent  years,  A.V.Topchiyev  and  his  associates  have  conducted  studies  on  the 
synthesis  of  various  alkyl- (aryl )-halosilanes.  Under  the  action  of  methyl  bromide 
on  metallic  silicon  in  the  presence  of  copper  at  385°C,  dimethyldibromosilane, 
methyltribromosilane,  and  traces  of  trimethylbromosilane  have  been  obtained  (Bibl.78)« 

The  reaction  of  bromobenzene  and  silicon  proceeds  readily  in  the  presence  of 
copper;  at  410,  420°C,  phenyltribromosilane,  diphenyldibromosilane,  and  triphenyl- 
bromosilane  are  formed  (Bibl.136). 

A  convenient  method  of  preparing  alkylbromosilanes  is  based  on  the  reactions 
between  HBr  and  aminosilanes  (Bibl.66). 

iC5H^,Si\!l.  ;  211  Br  >  (C..ll,-,SiBr  VM,Hr 

The  aminosilanes  are  prepared  by  treating  alkylchlorosilanes  with  ammonia. 

Preparation  of  Triethylbromosilane  from  Triethvlaminosilane.  When  dry  HBr  is 
passed  to  saturation  through  a  solution  of  triethylaminosilane  in  4  parts  by  volume 
of  ether,  triethylbromosilane  is  obtained  in  yield  70^  of  theoretical.  Chloroethyl- 
diethylbromosilane  may  be  prepared  under  similar  conditions.  The  yield  of  the  pro¬ 
duct  is  20 

A  purer  product  is  obtained  by  the  following  method.  To  300  mm  of  4 8%  HBr, 
under  ice  cooling,  200  ml  of  concentrated  sulfuric  acid  is  added,  followed  by  41  g 
of  triethylaminosilane.  After  standing  for  20  minutes  under  stirring,  the  organic 
(upper)  layer  is  removed  and  dried;  and  the  triethylbromosilane  is  distilled  under 
reduced  pressure;  boiling  point  78-79°C  (45  mm).  The  yield  is  33 • 5  g,  or  55 
Chloroethyldiethylbroir.osilane  is  prepared  under  similar  conditions  in  yield  of  8l£. 

A  general  method  of  preparing  di-  and  trialkyl- (aryl )-bromosilanes  is  the 
replacement  of  the  phenyl  group  in  tetra-substituted  silanes  by  bromine,  under  the 
action  of  elementary  bromine i 


RjSi — •+■  brj  -  >  R iSifir  L.I l,Br 
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When  a  mixture  of  tetraphenylsilane  (Bibl.79)  and  bromine  is  heated  8-10  hours 
at  15CPC  in  a  sealed  tube,  triphenylbromo silane,  diphenyldibromosilane,  and  bromo- 
benzene  are  formed.  Trimethylbromosilane  may  be  prepared  by  heating  an  equimolecular 
mixture  of  trimethylphenylsilane  and  bromine  on  a  water  bath  for  1  hour. 

Bromoalkylbromosilanes  containing  a  bromine  atom  in  the  a -position,  may  be  pre¬ 
pared  by  the  reaction  of  tetrabromosilane  with  diazo  compounds  (Bibl.58).  The  reac¬ 
tion  proceeds  better  than  with  SiCl^,  and  the  principal  products  formed  are  di-  and 
trialkylbromosilanes : 


SiBr,  +.2UI,N,  —  >  lCU,Br)tSiHrs  +  2N, 

SiBr,  +3CII.N.  -  »  (CHjBrJaSiBr  ■  3N, 

Preparation  of  Alkyl- (Aryl )-Iodosilane3  (Bibl.57) 

The  synthesis  of  alkyliodosilanes  may  be  accomplished  either  by  cleavage  of  the 
organic  radical  from  tetra-substituted  silanes  under  the  action  of  iodine  in  the 
presence  of  aluminum  iodides,  or  by  the  action  of  aluminum  triiodide  on  an  alkyl- 
chlorosilane  or  alkylsilane  containing  the  Si-H  bond. 

The  cleavage  of  the  phenyl  radical  is  easiest  under  the  action  of  iodine: 

(C,l  l,K>i(CI  1,),  +  X.  — *  i<  I  l.ijSi.l  + 1  *1 1,.) 

Even  in  the  absence  of  a  catalyst,  the  reaction  proceeds  on  heating  of  the  mix¬ 
ture  by  2  hours  (yield  56,1). 

The  use  of  aluminum  iodide  (or  of  aluminum  that  subsequently  reacts  with  iodine) 
sharply  accelerates  the  process  of  cleavage  of  the  Si-C  bond  by  elementary  iodine. 
Thus,  for  example,  the  above  reaction  with  trimethylphenylsilane  takes  place  quant¬ 
itatively  in  20  min.  Aluminum  iodide  does  not  react  in  the  absence  of  iodine,  even 
on  prolonged  boiling. 

The  rate  of  cleavage  of  the  aliphatic  radicals  is  considerably  slower  than  that 
of  the  phenyl  radical.  The  cleavage  of  methyl  is  easier  than  that  of  the  others, 
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that  of  ethyl  goes  about  twice  as  slowly,  and  that  of  propyl  and  isopropyl  still  more 
slowly. 

Preparation  of  Alkyliodosilanes  by  Iodination  of  Alkvlsllanes.  In  a  flask  are 
placed  14.1  g  of  tetraethylsilane  and  0.2  g  of  aluminum  powder,  and  a  stream  of  dry 
nitrogen  is  passed  through  it.  The  mixture  is  heated  to  the  boiling  point,  after 
which  25.4  g  of  iodine  is  added  gradually  over  a  period  of  1.5  hours,  and  the  ethyl 
iodide  formed  during  the  reaction  is  distilled  off.  The  reaction  product  is  recti¬ 
fied,  yielding  65^  of  pure  triethyliodosilane,  boiling  point  190. 5°C  (744  am)*  The 
yield  of  the  unpurified  product  is  9C(?.  To  prepare  diethyldiiodosilane,  the  charge 
of  iodine  is  increased  to  50.8  g  and  the  time  of  heating  to  9  hours.  The  yield  of 
unpurified  product  is  70%. 

Wien  42  g  of  triethyliodosilane  reacts  with  22  g  of  iodine  and  1.5  g  of  aluminum 
iodide  for  2.5  hours,  40  g  of  diethyliodosilane,  in  7l£  yield,  is  formed.  A  certain 
amount  of  butane  is  formed  in  all  reactions. 

When  dimethyldiethylsilane  reacts  with  iodine  in  the  presence  of  aluminum  iodide 
methyldiethyliodosilane  and  d imet hyliodo silane  are  formed: 

-t-  J2  ~ ^  *  Ai$J  -f- 
A1J 

'•-I  f  ""  k  l.jlljJ  -f-  (<  I l.i)*Si(C,2l l,jJ 

the  number  of  mols  of  methyl  iodide  formed  being  twice  the  number  of  mols  of  ethyl 
iodide.  When  methyltriethylsilane  reacts  with  iodine,  this  ratio  amounts  to  2  :  3; 
thus,  taking  account  of  the  ratio  between  the  number  of  radicals  in  the  original 
compounds,  it  must  be  recognised  that  the  rate  of  cleavage  of  the  methyl  radicals  is 
twice  the  rate  of  cleavage  of  ethyl  radicals.  On  the  cleavage  of  dimethyl! sopropyl 
silane,  the  ratio  between  the  number  of  mols  of  methyl  iodide  and  propyl  iodide  is 
4  :  1,  and,  on  the  cleavage  of  n-propyldimethylsilane,  is  2  :  1.  When  phenyltri- 
methylsilane  reacts  with  iodine,  only  iodobensene  and  trimethyliodosilane  are  formed. 

In  some  cases,  the  reaction  products  are  rather  hard  to  separate  by  rectifies- 
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tion.  To  Investigate  its  composition,  it  is  most  convenient  to  fluorin&te  the  mix¬ 
ture,  and  then  to  rectify  the  alkylfluorosilanes  formed*  Sometimes  it  is  more  con¬ 
venient  to  hydrolyse  the  product  and  then  to  f luorinate  the  siloxane  so  formed  by  the 
action  of  HF  in  the  presence  of  sulfuric  acid. 

The  iodination  of  the  alkylfluorosilanes  may  be  accomplished  either  by  the  action 
of  iodine  in  the  presence  of  aluminum  iodide  at  the  boiling  point  of  the  mixture,  or 
by  the  action  of  aluminum  iodide  alone: 

3R.S11-  +  AIJ,  -  >  3RjSiJ  -f  All-, 

Preparation  of  Alkvliodosilanes  by  Iodination  of  Alkylfluorosilanes.  On  heating 
14  g  of  triethylfluorosilane  and  0.4  g  of  aluminum  with  13  g  of  iodine,  16  g  of  tri- 
ethyliodosilane  is  formed.  Boiling  point  190-191°C.  On  1.5  hours  heating  of  10  g 
of  tripropylfluorosilane  with  7  g  of  iodine,  7*5  g  of  trlpropyliodosilane,  boiling 
point  235°C,  is  similarly  obtained. 

On  adding  10  g  of  triethylfluorosilane  to  9*5  g  of  aluminum,  the  mixture  heats 
up  strongly.  After  the  mixture  is  heated  for  1  hour,  its  rectification  may  yield 
10  g  (56£)  of  triethyliodosilane  (the  yield  of  the  unpurlfied  product  is  almost  the 
theoretical).  Trlpropyliodosilane  is  10%  yield,  methyldipropyliodosilane  in  25% 
yield,  and  diethylpropyldiiodosilane  in  33%  yield  are  similarly  prepared. 

Lithium  iodide  does  not  react  with  triethylfluorosilane.  Under  the  action  of 
iodine  on  triethylsilane,  the  hydrogen  is  easily  replaced  by  iodine: 

(t-,1  i.lnSill  +  Jj  -  >  H.l  -f-  (C,l{,),SiJ 

After  heating  23  g  of  triethylsilane  and  48  g  of  iodine  for  half  an  hour,  the 
excess  of  iodine  is  removed  by  adding  magnesium  shavings.  The  yield  of  triethyl¬ 
iodosilane  is  85%  of  theoretical. 

The  synthesis  of  alkyliodosilanes  is  also  accomplished  by  the  reaction: 
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KSiCI3  +  6NHJC.H*  —  RSi(NHC«Hl)a-)-3C,H1NII..  HCI 
RSi(NIIC,H,),  +  fillJ  >  RSiJj  +  3f  :„!  !»NI  1;  •  1 1 J 

Dimethyldiodosilane,  methyltriiodosilane,  propyl t riiodosilane ,  butyltriiodo- 
silane  and  anyltriiodosilane  have  been  prepared  by  this  method  (Bibl.206). 

By  heating  equimolecular  quantities  of  a  mixture  of  methyltrichlorosilane  and 
methyltriiodoeilane  20  hours  at  300°C,  methyldichloroiodosilane,  methyl chlorodiiodo- 
silane  and  dimethylehloroiodosilane  were  obtained*  Heating  diethyldiohlorosilane 
with  diethyldiiodosilane  for  10  hours  at  40CPC  yielded  diethylchloroiodosilane. 

In  metathesis  (without  the  use  of  catalysts),  the  alkyl  groups  are  not  exchanged 
but  in  the  presence  of  aluminum  trichloride  the  replacement  of  alkyl  groups  by  halo¬ 
gens  does  take  place  (Bibl.87 ). 

Physical  Properties  of  Alkyl- (Aryl  nmJ.  1 

The  overwhelming  majority  of  alkyl- (aryl  )-halosilanes  are  colorless  liquids  with 
a  sharp  odor*  Only  isolated  representatives,  mainly  the  higher  trialkyl  and  triaryl - 
halosilanes  are  solid  crystalline  substances  under  ordinary  conditions. 

The  sharp  odor  of  alkylhalosilanes  is  due  to  the  liberation  of  hydrogen  halide 
owing  to  the  hydrolytic  processes  that  take  {lace  on  contact  with  the  moisture  of  the 
air*  In  compounds  which  are  distinguished  by  hydrolytic  stability  (for  instance  in 
trialkylfluorosilanes ),  the  odor  of  hydrogen  halides  is  considerably  fainter,  or  even 
disappears  entirely,  and  thus  it  is  possible  to  distinguish  the  faint  and  usually 
ethereal  odor  of  the  compound  itself*  Even  when  the  hydrolysis  of  the  products  pro¬ 
ceeds  readily,  the  intrinsic  odor  of  the  alkylhalosilanes  is  mixed  with  the  odor  of 
hydrogen  halide.  Sometimes  this  odor  is  sharp,  thus,  for  instance,  the  methylchloro- 
silanes  have  the  sharpest  and  most  unpleasant  odor,  which  is  even  sharper  than  that 
of  SiCl^. 

The  methylfluorosilanes  do  not  fume  in  moist  air,  but  they  still  hydrolyze 
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rapidly,  and  therefore  possess  the  odor  of  HF. 

The  mixed  fluorosilanes  have  an  unpleasant  odor* 

The  density  of  the  alkyl-(aryl)-halosilanes  is  usually  somewhat  higher  than 
unity,  but  it  varies  sharply  according  to  the  kind  and  number  of  the  halogen  atoms, 
and  also  according  to  the  molecular  weight  of  the  organic  radical:  with  increasing 
percentage  of  the  organic  part  of  the  molecule  (with  increasing  molecular  weight  and 
increasing  number  of  organic  radicals),  the  density  decreases,  sometimes  going  down 
to  0*9*  The  arylhalosilanes  are  usually  distinguished  by  a  considerably  higher  den¬ 
sity  than  the  alkylhalosilanes,  which  is  evidence  of  the  compactness  of  their  mole¬ 
cular  structure.  The  bromosilanes  and  iodosilanes  have  a  considerably  higher  density 
than  chlorosilanes  (going  up  to  2,  and  even  higher  in  isolated  cases). 

The  density  is  one  of  the  most  important  indexes  for  evaluating  the  purity  of 
an  alkylhalo silane.  Thus,  for  instance,  one  of  the  methods  of  checking,  in  the  sep¬ 
aration  of  methyltrichlorosilane  from  dimethylt ri chlo ro s ilane  by  rectification,  may 
be  the  determination  of  the  density  of  intermediate  fractions.  From  the  value  of 
the  density  the  composition  of  the  binary  mixture  ran  be  rather  precisely  established 
since  the  density  of  the  chlorosilanes  differs  substantially  (1.2691  for  methyltri¬ 
chlorosilane  and  1.0663  for  diaethyldichlorosilane  at  25°C),  and  the  density  of  mix¬ 
tures  is  an  additive  quantity  (Bibl.68). 

The  boiling  point  of  alkyl-(aryl  )-halosilanes  varies  within  very  wide  limits, 
and,  like  the  hydrocarbons,  may  be  calculated  by  the  following  empirical  formula 
(Bibl.53): 

i 

<kl>  -  JMu,  1 4 1  \  ‘>43 

where  N  represents  the  sum  of  values  selected  by  calculation  for  each  atom  or  organic 
radical  included  in  the  composition  of  the  molecule  of  alkyl- ( aryl )-halosilane. 

Table  53  gives  a  number  of  such  values  (the  so-called  "boiling  point  numbers"),  by 
which  the  boiling  points  of  the  lower  organochlorosilanes  can  be  roughly  calculated. 
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Such  compounds  may  have  any  combination  of  the  lower  radicals  (CH3,  CgH^,  C3H7,  and 
0^5 ),  and  also  of  alkyl-(aryl)-halosilanes  containing  the  Si-H  bond,  of  tetra-sub- 
stituted  silanes  and  of  halosilanes. 

The  upper  part  of  Table  53  gives  the  "boiling  point  numbers"  for  chlorine  and 
bromine  (from  left  to  right  in  tri-,  di-,  and  monoalkylhalosilanes,  and  in  tetrahalo- 
silanes;  the  last  column  gives  the  boiling  point  numbers  for  the  trialkylhalosilanes 
that  do  not  contain  hydrogen  atoms  attached  to  the  silicon.  The  lower  part  of 
Table  53  gives  the  "boiling  point  numbers"  for  the  radicals  of  the  mono-,  di-,  tri-, 
and  tetra-substituted  silanes. 

Table  53 

Atom  and  Group  Indices  of  the  Boiling  Point  of  Organosilicon  Compounds 
The  Boiling  Point  Numbers  of  Si  *  4.20;  H  -  0.60 
(X  «  Cl,  Br;  R  -  CH3,  0^5,  03!^,  and  C6H5) 


X 

* 

-Six  j 
1  1 

SiX. 

-  Six,  j 

SIX* 

»,SiX 

(.1 

'  : 

4.17 

3.50 

3.30 

1 

4 ,51 

Mr 

l 

7,27 

i  ! 

<■>,47 

6.08 

1 

.'>.88 

1 

6.58 

'< 

I 

NS,- 

K.-|Si  - 

W|Si 

i 

1 

CM, 

3.4i 

3,17 

) 

3,02 

2.74 

C*lls 

6,83 

6,17 

5.01 

5,80 

<•,11? 

*1,47 

8,07 

8,3:4 

7.86 

<„!l, 

!  M ,  87 

18.76 

18,41 

17.73 

We  now  present  an  example  of  the  determination  of  a  boiling  point  by  the  aid  of 
the  Table.  Let  us  assume  that  we  need  to  find  the  boiling  point  of  methylchloro- 
silane,  CI^SU^Cl.  For  silicon  the  boiling  point  number  is  4.20,  for  hydrogen  0.60, 

for  chlorine  in  compounds  of  the  type  ^  SiCl,  5.05,  for  the  methyl  radical  in 

■^■SiCJ^,  3*43.  The  sum  of  the  boiling  point  numbers  is  13.88. 
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According  to  the  literature  data,  met hyl c hlo ro s ilane  boils  at  8°C. 

As  a  rule  the  deviation  of  the  values  of  the  boiling  point  from  the  calculated 
value  do  not  exceed  2%,  but  in  occasional  cases  they  reach  4-5 °C.  Thus  this  formula 
allows  the  boiling  point  to  be  roughly  calculated  for  certain  alkyl  and  arylchloro- 
sil&nes  that  are  not  described  in  the  literature. 

For  all  alkyl- (aryl )-chlorosilanes,  the  boiling  points  increase  with  the  number 
of  radicals  bound  to  the  silicon  atom.  The  methylchlorosilanes  are  an  exception: 
methyltrichlorosilane  boils  at  66.1°C,  dimethyldichlorosilane  at  70.1°C,  trimethyl- 
chlorosilane  at  54.6°C,  and  tetramethylsilane  at  26°C. 

Host  alkyl-(aryl)-chlorosilanes  and  fluorosilanes  distill  without  decomposition 
under  atmospheric  pressure,  even  under  the  conditions  of  prolonged  rectification 
(tens  of  hours).  It  is  advisable  to  distill  the  bromosilanea,  and  more  particularly 
the  iodo silanes,  under  reduced  pressure,  since  they  have  considerably  less  thermal 
stability. 

The  melting  point  of  the  lower  alkyl  and  arylchloro silanes,  as  a  rule,  range 
from  -50°  to  -10CPC. 

The  alkyl  and  arylchlorosilanes  are  readily  soluble  in  organic  solvents:  aro¬ 
matic  hydrocarbons,  halogen  derivatives,  ethers,  etc  (Bibl.81.  82). 

There  are  statements  that  about  0.3%  of  the  trimethylchlorosilane  in  a  cylclo- 
hexane  solution  is  in  the  form  of  the  dimer  (Bibl.83).  Dimethyldichlorosilane  forms 
a  very  unstable  addition  compound  with  ethyl  ether  (the  maximum  of  the  curve  showing 
the  relation  between  the  variation  of  the  dipole  moment  and  the  concentration  cor¬ 
responds  to  a  U-5%  dimethyldichlorosilane  content).  The  other  methylchlorosilanes 
form  no  complexes  with  ethyl  ether. 

The  measurement  of  the  electron  scattering  of  the  vapors,  and  the  spectra  of 
the  combination  scattering  of  the  methylchlorosilanes  (Bibll.84)  shows  that  the  Si-Cl 
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distance  in  various  methylchloro silanes  is  almost  the  same  and  amounts  to  1*99  £  for 
dimethyldichlorosilanes,  2.01  A  for  methyltrichlorosilane,  2.03  X  for  chlorotri- 
fluorosilanes,  and  2.02  A  for  SiCl^.  For  trimethylchloro silane,  this  value  is  some¬ 
what  higher  and  amounts  to  2.09  £. 

o 

The  Si-C  distance  for  dimethyldichlorosilane  is  1.33  A,  for  methyltrichloro- 

o  oo 

silane  1.94  A,  for  trimethylchlorosilane  1.89  A,  for  tetramethylsilane  1.93  A,  and 

,  o 

for  hexamethyldisilane  1.90  A.  The  Cl-Si-Cl  angle  in  dimethyldichlorosilane  is 
109. 5°C.  The  CH^-Si-Cl  angle  in  trimethylchlorosilane  is  from  106  to  112°C. 

The  quantities  of  the  methylchlorosilanes  that  form  inflammable  mixtures  with 
air  has  been  established  (Bibl.85).  Methyltrichlorosilane  has  the  following  limits 
of  imflanoability:  lower,  7*6£  of  volume;  upper,  20$  by  volume;  dimethyldichloro¬ 
silane,  3*1&  and  2QjZ  respectively;  trimethylchloiosilane,  2.Qf  and  6.2$  and  methyl- 
dichlorosilane,  3*4^  and  34. Cj£. 

Certain  physical  and  chemical  properties  of  propyldichlorofluorosilanes,  propyl- 
chlorodifluorosilane,  and  propyltrifluorosilane  has  been  investigated.  The  vapor 
pressure  curve  of  these  compounds  obeys  the  Arrhenius  equation:  the  logarithm  of  the 
vapor  pressure  (in  millimeters)  is  proportional  to  a  quantity  that  is  the  reciprocal 
of  the  absolute  temperature  plus  the  logarithm  of  the  absolute  temperature. 

All  the  alkylfluorosilanes  are  colorless  liquids  with  a  pungent,  irritant  odor. 
Propyltrifluorosilane  has  a  lacrlmatory  action.  These  compounds  do  not  fume  in  the 
air,  and  they  do  not  dissolve  in  water;  they  are  slowly  hydrolyzed  by  it,  forming  a 
gelatinours  precipitate.  Under  the  action  of  aqueous  solutions  of  caustic  alkali  on 
them,  hydrolysis  proceeds  considerably  faster;  as  a  result  of  hydrolysis  water  sol¬ 
uble  products  are  formed.  The  products  are  soluble  in  ether  and  tetrachloroethylene . 
They  do  not  react  at  the  boiling  point  with  nichrooe  and  mercury.  Glass  wetted  by 
an  alkyltrifluoro silane  becomes  water-repellant.  Water  in  tubes  treated  with  propyl¬ 
trifluorosilane  has  a  horizontal  meniscus.  Table  54  gives  the  physical  properties 
of  the  most  important  representatives  of  the  organotrichlorosilanes.  Table  55  gives 
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the  properties  of  the  dialkyl-(aryl)-dichlorosilanes  and  the  trialkyl- (aryl )-chloro- 
silanes. 

Table  56  gives  the  principal  properties  of  the  alkyl- (aryl )-bromoailanea  and  the 
allqrl-(aryl )-iodosilanes . 

Table  57  gives  the  properties  of  the  alkyl- (aryl )-fluoroailanes,  and  Table  58 
the  properties  of  the  alkyl- (aryl )-fluorochlorosilanes. 

Table  59  gives  the  properties  of  the  alkylhalosilanes  containing  the  Si-H  bond. 

The  values  of  the  dipole  momenta  of  certain  alkyl-  and  arylhalo a ilane  has  been 
determined,  it  has  been  shown  that  in  absolute  values,  the  quantities  are  close  to 
the  organic  compounds  of  similar  structure  (Bibl.86)  (cf.  Table  60). 

Table  61  gives  the  boiling  points  of  azeotropic  mixtures  of  chlorosilanes  with 
other  organic  and  organosilicon  compounds. 

Table  62  gives  certain  additional  information  on  the  properties  of  the  methyl - 
and  ethylchlorosilanes. 
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Table  54 

Physical  Properties  of  Alkyl- (Aryl )-Trichlorosllane8 


*) 


O 

c 


d) 


e) 


Methyl  trichlorosilanej 

bthyltrichlorosil  ane 
Vinyl  trichlorosilane 
Propyltrichlorosilane) 

Allyl  trichlorosil  ane 
Qutyl  trichlorosilane 

Isobutyl trichloro¬ 
silane 

Tert- i soby tyl tri- 
chlorosilane 

fc-Butylenetri- 

chlorosilane 

3-Butylenetri- 

chlorosilane 

/myl trichlorosilane 

I so amyl trichloro¬ 
silane 

I sohexyl t richloro- 
silane 

Hexyl trichlorosil ane 
Octyl  trichlorosilane 


Isooctyl trichloro¬ 
sil  ane 


CHsSiCI, 

C,H,SiCI, 

CH.-CHSiCI, 

C|HfSiCli 

CHi“CH— CHjSiCl, 
QH.SiCI, 

(CM»)|CHCHfSiCb 

(CH,),CSiCl, 

CH»CH=»CHCI  ((SiCIt 

CH*-CHCH£H*SiCI, 

( #§I  InSiCI, 

(CH»)jCHC(CH»)tSiU, 

d,H„SiCl» 


2, 3-Tetramethylbutyl- 
trichlorosilane 

2, 4, 4-Trimethylpenty] 
trichlorosilane 

Oecyl trichlorosil  ane 

Codecyl trichloro¬ 
sil  ane 

Tridecyl trichloro¬ 
silane 

Tetradecyl tri¬ 
chlorosilane 

Hexadecyl tri¬ 
chlorosil  ane 

Octadecyl tri¬ 
chlorosil  ane 

Phenyl trichloro¬ 
silane 

p-Tojyl trichloro¬ 
sil  ane 

p->thoxyphfnyl- 

trichlorosilane 


ui3(CH,)4cH<ai,)Cii,siU, 
(( :i  lj).iCC(OHj)  jClitSiClj 


-65,7 

M.P 

—77,8  , 
97-I00| 
|  92 

123-125 
122-124 
(734  mm) 
117,5 
147-151 

145-146| 
(730  mm 
130 

(740  mm 
64 

(40  mm) 

64 

(40  mm)  I 
106-167] 
(729  mm) 
163-164 
(730  mm 
107 

(120  mm 
186-18: 
j  (728  mm 
I  127 
1  (38  mm) 
119 

I  (28  mm) 
231-232 
(731  mm) 
222 


1,264 

1,211 


(727  mm) 
207-208! 

2’  tr«hforosiltentyl'((:H»'>ca,»(:l ,<CI UJCHtSiCI,  |  210-220 


1  io I IjiSiCl  i 
'  ntHmSia, 

*  i»l  With 

*  -|*1  ljfbii'l« 

c„HMSin, 

C,H»SiCI, 

..llJCtH«SiCI, 

.  I  (3OC,H,Sif  |, 


;  i83 

1  (84  mm) 

120 

(3  mm) 
M.2-171 
1 18  mm) 
159—162 
( 1 3  mm) 
156 

(5  mm) 

1 94-1%] 
(7 ,5  mm  )i 
1 85 —  1 97 1 
(2 — 3  mm ) 
1195—200 
|  201 
218-220! 


128-130!  1,4600 
(13  mm) 


f) 


1.066 


1,4503 
1 .445 

i .4631 

1,4480 

1,4510 
I .4478 
I .4667 


6,29 

115 

38,196 

39 

195 

70.123 

39 

20,195, 

196 

20.21 

20,21 

55,99 

55,99 

52 

52 


52 

197 

89,197 

89 

89 

18 

18 

197 

197 

1 

i  18.7 

:  |M 

j  197 

!  18 
18 
195 
108 
21,22 


a)  Name;  b)  Formula;  c)  Boiling  point,  °C;  d)  Specific  gravity;  e)  Refractive 

index;  f)  Bibliography 
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1- 

ane 


p-Fthoxypheny 
trichlorosil 

Ten^yltrichloro- 
sxl  ane 

Ot-Chlorobenzy  1 tri¬ 
chlorosil  ane 

Cyclohexyl trichloro¬ 
sil  ane 

a-Naphthyltrichloro- 
si  1  ane 


b) 

l 

d)  j 

°C  1 

1 

c)  1 

| 

«) 

-20 

nD 

i) 

C.IUOQII.SiCIa 

137-138 

1,3600  ! 

'21.22 

(13  mm) 

i 

216 

1,2834  i 

-- 

49,89 

94  (96  mm) 
140-142 
(100  mm) 

1 

1 

1 

— 

49,89 

<  :,i  isCi  iasi<:i;i 

243 

162 

(75  ms* 

21,22 

208 

21,22 

1  .,«!  lySiC.ln 

165—170 

(22 

I.37HO  ■ 

— 

195 

| 

Table  55 

Physical  Properties  of  Dialkyl-(Diaryl)-Dichlorosilane  and  Trialkyl-(triaryl)- 

Chlorosilanes 


*) 


Hime  thy  1  di  ch  1  o  ro- 
silane 

Dimethyldichloro- 

silane 


Ciethyldichloro- 

silane 


Ci vinyl dichloro- 
silane 

ria}lyldichloro- 
sil ane 


Fipropyldichloro- 

silane 


Pi isopropyl di- 
chlorosilane 


Hi  isobutyl  di- 
chlorosil ane 


HeterocycloDenta- 
methylenedx- 
chlorosil  ane 


r.iphenyldi- 
ch  loro  si  lane 


Cibenzyldichloro- 
sil  ane 


Pi-p-tolyldi- 
chloro  silane 

Dicycloheyyldi- 

cnloroailane 


b) 

l»ll:.)sSiU, 


(11*1  li)..SiU.. 

(tills  ClDsSit.!. 
Kill,  (  U  -(  :ll;l,S|l  I.. 

((.jlljfcSiU.. 

l(U  IjIsCHIjSiCI, 
(Kill, Mil  K :il.,|;Si(  l.. 

Ul  -Clt 

/  \ 

M,C  SIC  I 

X  / 


d) 

c 

c) 

"f 

0 

t) 

(O.l 

1 ,0003 

1 ,4002 

6.29.115 

1 ,0637 

— 

120 

1 , 0.504 

1  ,4809 

20,198 

127 

l,|O0 

118-  119 

1  ,088 

39 

100 

(83  mm) 

1 ,035 

39 

83 

(50  mu) 
175,  170 

19.5 

67— (-9 
( 1 1  mm) 

1  ,00 

20,21 

93 

1  ,oo 

20.21 

( 10  mm) 

I7i) 

1 .1500 

1 .4097 

12 

CM,— CH, 


o  ,1  UljSiClj 

302— 305 

1  223 — 225 1 
( I0O  mm) 
|99  202!  1 
,  (50  mm)  • 

1<JI.(  I.. 

243 

(100  mm) 

172-173 
(8  mm) 

(<  .1 M  «l  .1  • 

238 

(50  mm)  | 

j 

1  (-S  ll|;f  l-S)(  1.- 

123—I25i 
(2  mm)  | 
I5()  i 

(4  mm) 

4U 

K» 

»M 

199 

HO 

2<X( 

20,21 

20.21 


a)  Name;  b)  Formula;  c)  Specific  Gravity;  d)  Boiling  Point;  e)  Refractive  index 

f)  Bibliography 
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A) 

Methylvinyldi- 

chlorosilane 

Methyl allyldi- 
chlorosilane 

Methylethyldi- 
chlorosil  ane 

Methylbutyldi- 

chlorosilane 

Methyl  phwiy  1  di  - 
chlorosilane 

Methyl hexyl di- 
chlorosilane 

Methyloctyldi- 
chlorosil ane 

Methyloctadecyl di- 
chlorosil ane 

Me^hylcyclohexyl- 

dichlorosilane 


Ethy  1  propyl  di- 
chlorosilane 

Ethyl isobutyl - 
di  chlorosilane 


Ethylphenyldi- 
chloroailane 

Ethyl benzyl di- 
chloroailane 

Prooylphenyldi- 
chlorosil ane 

Phenylbenzyldi- 
chlorosilane 

Phenyl tolyldi- 
chlorosilane 

Phenyl cyclohexyl - 
di  chlorosilane 

(l*Methy|butyl)- 
nw  thy 1 Qichioro- 
silane 

Trimethylchlorosil  qne 

Tri?thylch loro- 
si  lane 


(735  mm) 


b) 

O 

c 

d) 

«) 

_20 

nD 

f) 

CH|(CHj=  CH)SiCI.. 

t»:» 

i 

1 .085 

39 

CH,(CH»-Q  l-CH,)SiCU 

120 

1 .057 

1 

1  - 
| 

39 

':n*((yi»)Siaa 

100 

(744  mm' 

95 

Cl  l,(C*l  l,)SiCla 

147,5- 

148 

(744  mm) 

21 .22,52 

cn,(UH.)Si<:i, 

204 

172 

82.5 
(13  mm) 

auc„ii,s)Si<:is 

192 

(743  mm] 

52.21  .22 

ci  i,(C,i  i„)Si(  :i,. 

100—  III) 
(20  mm) 

21.22,52 

ci  UCi.iUTiSici.. 

200—210 

1.1876 

21,22.52 

(!)  mm) 

(20) 

Clls<*„ll„)SiC|.. 

204 

(745  mm) 

21.22,52 

C*l  l»(C,U,)SiCI. 

152-154 

1.048 

195,196 

,.|  1,1  (Cl  1,1/1  laysici. 

109 

1 .024 

195,196 

1 .028 

«  .-HsC  JI»).Si«  .1, 

230 

155—156 
( 100  mm) 

1 . 159 

- 

17.172.195 

*  Ijl  l\(C«l  l»CI  If)-  SH  I- 

169 

(100  mm) 

201 

( .)!  l|)Si< 

1 

140—144 
[44-47 ism) 

21 .22 

*  «i  i»(<nii  i-,'  :i  if)Si<  :i...  • 

245 

(1*10  mm) 

- 

i 

1 

218 

<-,M.l«;ii1c,iU)Sjc  :i..  j 

318 

21,22 

'Jl.<<  Jl.ilSiU,.  | 

224—226! 
(50  mm) 

1 

1 

21,22 

c.ii.((:ii:li(:ii|(Cii,isi':i..  J 

124 

(0,5  mm) 

1 

1 

202 

i 

100 

(100  mm) 

| 

1 

21 .22 

f(J  1 

57,5 

>.846 

1 

i 

29 

57,3 

0,8536 

115 

<27  ) 

i<*l  J 

i 

143,5 

3,925 

198 

144 

3,8967 

1 ,1314 

a)  Name;  b)  Formula;  c)  Boiling  point;  d)  Specific  gravity;  e)  Refractive  index; 

f)  Bibliography 
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Tripropyl  chloro. 
silane 

Triphenylchloro- 
si  lane 


Trit>eniylchloro- 

silane 

Tri-p-tolvl- 

chlorosilane 

Dimethyl e^hyl- 
chloroailane 

DinMtJiylaUyl- 

chlorosilane 

Me thyl diphenyl - 
chlorosil ane 

Ethyl di- (phenyl), 
chlorosil ane 

Ethyldi- (benzyl  )- 
chlorosilane 

Propyldi:  (phenyl)  - 
chlorosilane 

TSmMw 

silane 


(C»Hf)jSiCI 

<C,H,),SICI 


phenyjchloro- 

Ethyl- (prppyl )- 
phenyl  chloro* 
silane 

silane 

Ethyl- (ifobutyl)- 
bentyl chlorosil  ane 

Tri-  ( di ac*ty Imethy 1 ) - 
chlorosil  me  i 


(CH|C«H«)tSiCI 

(CH.)AH^iCI 

(CHj)jCH|«»CHCHtSi(:i 

CH«(CaHaMMa 

(QH,)AHtSiCI 


<:,H,(C,H»)*SlCI 


CtH»(Cfll,CH,)lSiCI 

CjH»rC,H,)tSiCI 

(QHuhC.H.SiCI 


CH,(C,H,K4H,SiCI 

QH,(C,H,)C,HlSiCI 


SiCI 


202  1 ,442 

(16,5) 
365  - 

378  - 

260-300  - 
(150  mm) 

M.P.  — 

88— 89 

300—330  - 

(100  mm) 

M.P.  — 

14 

M.P. 

116 

89- 89,2  - 

(734  mm) 

112  - 
113  0,922 

180-195  - 

(45  mm) 

124—126  — 

(30  mm) 

164—166  - 

(742mm) 
206—208  - 
(50  mm) 

240  - 

(115  mm) 

246  - 

( iOO  mm) 

246  - 

(100  mm) 

174—176  - 

(10  mm) 

188-192  _ 
(0,5  mm) 

190 

(2  mm) 

HR 

45-48 

124-126  - 

(30  Mm) 

250—260  — 
178-182  - 
(100  mm) 

174  - 

(50  mm) 

195  - 

(100  mm) 

200  - 


-  20,21.22 

-  40 

—  20.21.22 

—  20.21.22 


—  i  218,96 


39.21k 


-  218.206 


|(CH,CO),CH|,SiC! 


-SiCI  (lOOms* 

HR 

06—98 


a)  Nana;  b)  Formula; 


c)  Boiling  point;  d)  Spacific  gravity;  a)  Rafractiva  index; 
f)  Bibliography 
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liable  56 

Physical  Properties  of  Alkyl- (Aryl) -Bromosilanes  and  Alkyl- (Aryl )-Iodosilanes 


a} 


to 


O 

°c 


d ) 


Methyl tribromosil ane 
Propyl  tribromosilane 

Dimethyl dibromosil ane 
Methyl ethyl di bromo- 

Diphenyf dibromosil ane 
Trimethyl bromo si 1 ane 
Triethylbromosi 1 ane 


Tripropylbromosil ane 

Triallylbromosil  ane 

Tri;aobutylbromo- 
ail ane 

Triisoamylbromo- 

silane 

Triphenylbromo- 

MethyYtriiodo- 

silane 

Prwyltriiodo- 

silane 

Butyl  triiodosi  lane 

Amyl tri iodosil ane 

Dimethyl di iodo- 
silane 

Diethyldiiodo- 

silane 


Diiso^ropyldiiodo- 

Trimethyf iodosil ane 
Triethyl iodosil ane 

Tripropyl iodosil ane 

Methyldiethyliodo- 
si  lane 


Methyl dipropyl lodo- 
silane 

Methyldiisopropyl- 

silane 


CH,SiBr, 

C|H,SiBr, 

(CHiMSiBr. 

CH,(C,H,)SiBr, 

(CgHjltSiBr* 

(CH,),SiBr 

(CtH^jSiBr 


(CjH,)»SiBi 

|CjHj)jSiBr 

|(Cll»)jCHCUtltSiBr 
( (CH»)  tCHCI  IjCH  t  J,S  i  Br 
((;«H*)jSiBr 
CH,SiJ, 

(  .3H7SiJ, 

*  .« I  I|SiJj 
UH.iSiJi 
(Clij)|SiJj 
(QH|)|SiJ'.> 

KCHjJjtHJtSiJj 

(CH,)»SiJ 

(C,H.)»Si.l 

CHs(C,H.)tSiJ 

CH,(C,H,)*SiJ 


133.5 
183 

(756  mm) 
112,3 
139—141 
180 

(12  mm) 
80 

162 

78-79 

(45  mm) 

66.5 

(24  mm) 

213 


245 

278—280 
M.P.  1 19| 
229 
266 
284 
299 
170 

220—221 

85 

( 15  mm) 
252—254 

106,5 

1*13 

235 

148—153 

134—136 

200—204 


-20 

nD 


V 


1,148  (25") 
1,189  (30') 

1,177 

1,1766  (30*) 


1 ,4561 
1 .67051 


CH)((CHii)«CHJtSiJ  •  2<»0-  20 1 


2,946 

2,552 

2,400 

2,311 

2,203 


28.78 
28 

28.78 

28.78 

136 

147 

28 

66 

66 

102 


150, 

151 

66 


221 
221 
78,207 
208 
208 
208 
208 
208 
209 

208 

208 

200 

|  208 

208 

208 

208 

209 


a)  Name;  b)  Formula;  c)  Boiling  point;  d)  Specific  gravity;  e)  Refractive  index 

f)  Bibliography 
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Table  57 


Physical  Properties  of  Alkyl- (aryl)-Fluorosilanes 


A) 

b) 

c) 

"C 

d) 

c 

e) 

-5? 

$ 

Methyl  tri  fluorosil  ane 

CHaSil:, 

—72,8 

-30  j 

- 

-• 

67.72 

Ethyltrifluorosilane 

DtH.Sil-:, 

-118,3 

-4.2  j 
-3.0  1 

*  • 

5 

66,67 

i 

(754  mm) 

i 

Propyl  tri  fluorosil  ane 

CiHjSib.i 

I 

24,9 

i 

— 

67,70 

Isopropyl tri fluoro- 
sil ane 

(CH^'.HSiF:, 

i — 127  .ti 

15.7 

...  i 

j 

— 

67,76. 

186 

Tutyl  tri  fluorosil  ane 

t  '|l  IpSih  ;| 

J  •  96,6 

32.4 

1  ,006 

67,76 

.\nyl  tri  fluorosi  1  ane 

~ 

,  77 

0.9923 

72 

2-Methylhexvltri- 

fluorosilane 

cns(ais)»ai((:ii,)aisSiF:. 

,  50—54 

j  (2 — 4  mm) 

— 

67.68 

Dodecy 1 t ri f 1 uo ro- 
silane 

(  .|jl  I  jjSil  :: 

— 

1  101— 111 
!  (3 — 4  mm) 

0,9376 

(23°) 

67 

Phenyltri  fluorosil  ane 

1  1 1 5  S  i  1  j 

-  18.5 

102 

1,212 
(17  ) 

70,72 

Cvclohexyltri- 

fluorosilane 

i 

lot) 

1,1012 

1 .3880 

tn;  ♦*•* 

Dimethyl di fluoro¬ 
sil  ane 

|C1  l:i)-..Silj 

H7 . 5 

1 

! 

i 

72 

Diethyl di fl uoro- 
silane  • 

(C.l  Ij  IjSiKj 

■78.7 

i  ai.ii 
61-62 

0.92871 

1)27)! 

1 ,2393 

/<• 

Di  i sop  ropy 1 di f 1 uo  ro- 
silane 

1 100,7-  UK). 8 
(742  mm) 

j 1 . 3662 

1 

1 

67,68 

GO. 1 8b 

Dibutyldi  fluorosi  lane 

oil i»)JSii ... 

154 

0,9048 

72 

Di  amyl  di  fluorosi  lane 

I'M 

'(26.5  ) 
|o,8972 

1 

72 

Diphenyl di fluorosil ane 

247 

1(26.5) 

•1.151 

170.72 

103-103.8 

Methylphenyldi  fluoro¬ 
sil  ane 

«  1 1,(^1  Ijis.l 

(6,5  mm) 
142,9-143 
(767  mm) 

1  .41**2 

7o.*l 

66 

70.7! 

Trimethyl  fluorosi  1  ane 

i(  J  l  ,).,Si! 

—  74..) 

(50  mm) 
16.4 

I  — 

!  71 

Triethyl  fluorosil  ane 

«:.i  i.»;,Sii 

'  109-110 

0,8354 

1 .3915 

142 

(745  mm) 

0,8354 

1 ,3900 

222 

Tripropyl  fluorosi  1  ane 

>;fl  ^7 ):;Sl  1 

175 

0,834 

1,4118 

21" 

Triisopropyl  fluoro- 

174 

0,8339 

1 .4107 

67 

16!) 

|  - 

1 ,4200|67,6X 

silane 

(742  mm) 

(14.5  )  67.ii'' 

Tri  amyl  fluorosi  lane 

224 

lo,8372 

1 ,4250 

72. 

Tributyl  fluorosil  ane 

(('jl  ln),SiK 

(745  mm) 
267 

1 

jO,  8389 

1 .4305 

21" 
i  72. 

(745  mm) 

21" 

a)  Name;  b)  Formula;  c)  Melting  point;  d)  Boiling  point;  e)  Specific  gravity 
f)  Refractive  index;  g)  Bibliography 
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1 

b) 

Q 

B 

e) 

-f 

ol 

-*S 

nD 

Triphenyl  fluorosilme 

(QHt)jSiF 

!  1 

H4 

205 

(10mm) 

! 

> 

65 

i  (C.H»CH«USiF 

.  79 

236 

— 

65 

Tribenzyl fluorosil ane 

(7,5  mm) 

Clla(('.,HThSil 

130,2 

— 

1 ,3942 

67.68 

Methyl dipropyl fluoro¬ 
sil  ane 

(19.0) 

ClfaI(CHaWCH1«Sil- 

124.5 

— 

1,3958 

67. 

Methyl di \ sop  ropy 1 - 
fluorosil  ane 

1 

1 

i 

i 

(21) 

at. life 

'Bible  58 

Physical  Properties  of  Alkyl- (Aryl )-Pluorochlorosilanes 


a) 


<*) 


«) 

«? 


i) 


Methyl  di  fluorochlorosil  me 
Methyl  fluorodichlorosil  me 
Ethyl  di  fluorochlorosil  me 
Ethyl  fluorodichlorosi  1  me 
Propyldi  fluorochlorosil  me 
Propyl  fluorodichlorosil  me 
Isopr^pyldi  fluorochloro- 


I  sop  ropy  1  fluorodichloro¬ 
sil  ane 

Outyldi  fluorochlorosil  ane 
Butyl  fluorodichlorosil  me 
Phenyldi  fluorochlorosilene 
Phenyl fluorodichlorosil ane 
Dimethyl  fluorochlorosil  me 
.  Tiphenyl  fluorochlorosil  one  I 


1 

<  1 1.SiKX 

1  in 

i  i 

1  ii,:. 

211 

<  1  l  ,Sil  <  l-j 

•*8.7 

29.5 

211 

C..ll5hil  ,<:i  i 

Subt. 

27.2 

(751  m) 

1.103 

| 

5 

C.,HsSil<l, 

n 

62.2  ! 
(752  mm  )  1 

1.151 

5 

*:;,i  i-Sii  =<:i 

•' 

55  57 
(745  mm) 

! 

88—89 

(745  mm) 

70 

(Ui.w  :i  isii/:i 

18.8 

76 

8  1 

76 

(:,ii,Sii-,.u 

si 

70 

<:,ii,Sik:i, 

ilii.l 

I  7" 

•  .ill-.Sil/l 

."»•» — 4»:j 

1  .2011 

i  7o, 

(5o  mm)  ; 

71  .72 

83-86  i 

1  .271 

7o, 

(50  mm)  | 

71,72 

(<:ii,)jSiK.i 

s:,.i 

36.4  j 

1,181 

67, 

;  66.69 

(Ulli)-Sil<l 

121  125 

'•  70, 

(5,5  mm) 

'  71 .72 

a)  Name;  b)  Formula;  c)  Melting  point;  d)  Boiling  point;  e)  Specific  gravity; 

f)  Refractive  index;  g)  Bibliography 

U7U 
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Table  59 


Physical  Properties  of  Alkylhalosilanes  Containing  Hydrogen  Attached  to  the 

Silicon  Atom 


Me  thy  1  di  f  1  uo  ro  si  1  ane 
Methyl  fluorochlorosil 
Methylchlorosilane 

Methyl  di  chi  oroai  lane 
Ethyldi chlorosi 1 ane 

Allyldichlonsilane 
Phenyl dichlorosil ane 

Benzyldichlorosil ane 


p-Tolyldichlorosil ane 

p-Qilorophenyldi- 

chlorosilane 

Codecyl chlorosi 1 ane 
Tetradecylchlorosil ane 
Octadecylchlorosil ane 

Ct-Naphthyldi  chloro¬ 
si  lane 


Di  ethyl chloro  si 1 ane 
Diphenylchlorosil ane 

Di  ben  ryl  chlorosi  1  ane 


b) 

c) 

c 

d) 

c 

i 

i 

e) 

i) 

1 

CH»SiHF* 

1 

—110*0.5 

i 

— 37,0  1 

i 

! 

1 

69 

j 

CHjSiHKCI 

—120*0,5 

1  1.2*1 

1 .059 

j 

.67—69 

i 

1 

(20) 

CH,SiH,(l 

134 

H 

_ 

_ 

i  212. 

1 

i 

•  213 

CHjSilHI...  | 

—90.6  *  0,5 

40,4+0.1  | 

1 . 105 

i 

214 

1 

QH.SiHCl., 

i 

74.0 

!. 

1 

i 

75.4 

(767  mm) 

—  - 

|  18 

CaH^illCI-  , 

I 

*17  , 

1  ,1)80 

39 

- 

65 — 65,3  | 

(10  tarn  ) 

1 1,5246 

18  . 

98 

220 

(51.3  mm)  j 

1 

53,55  !| 

(6  mm) 

1,1770 

i 

1,5316 

18 

i 

48 

(2  mm) 

— 

89 

CH.^IUStHCI, 

— 

1,5240 

18.89 

CIQI  USillCI.. 

IOTi — JUti  I 
(20  mil  < 

•• 

1 ,5431} 

18.89 

*  iu* 

- 

150-  158 
(15  mm) 

- 

.  1 

18 

f'uHgfSil  l<  |.j 

142—140  j 
(2  mm)  1 

1 

- 

- 

18 

0,930  1 

1,4306 

18 

(20) 

C,»HTSiH<l, 

140.2 — 147 ,5 

1.6)40 

18 

( 10  mm)  * 

99.2 

— 

18,89 

i«VUhSiHa 

1 

140-145 
(7  mm) 

— 

18.8" 

!«  «ll**  H»)sSiHCI  | 

JR 

155— )0)  !l  ,0863|2,5734| 

18 

(6  «m)  ;  (20  ) 

! 

146-148 
( I  mm) 

— 

I 

18 

a)  Name;  b)  Formula;  c)  Melting  point;  d)  Boiling  point;  e)  Specific  gravity 

f)  Refractive  index;  g)  Bibliography 
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Table  60 

Dipole  Moments  of  Alkyl-(Aryl)-Halosilanes 


*1 


Triethylchlorosil  ane 
Diethyldichlorosilane 

Ethyl trichlorosil  ane 
Triphenylchlorosil ane 
Diphenyldichlorosil  ane 
Phenyl trichlorosil ane 
Triethyl  fluorosi  1  ane 
Hiethyldifluorosilane 
Triphenyl  fluorosil  ane 
Diphenyl  di  f  1  uorosi  1  ane 
Phenyltri fluorosil  ane 
Chlorosilane 
Dichlorosil ane  . 
Trichlorosil ane 


b) 

c) 

d) 

e) 

(C*H,),SiCI 

2,07 

(CH,),CCI 

2,15 

(C,H*)aSiCl, 

2,39 

(CH|)|CCls 

1,99 

C,H,SiCl3 

2,04 

ch,cci. 

1 ,60 

(C*H|)jSiCI 

2,14 

— 

— 

(C«H®)*SiCl* 

2,56 

<c,h,),cci2 

2,30 

C,H,SiCI, 

2.41 

c,h,cci:i 

2,04 

(C,H,)^iI 

1,72 

i.ji  i,(Cii,)2a 

1,92 

(CjHiJ^il'a 

2,23 

— 

— 

(C.H.bSil- 

1.84 

'  ,iis<;iui 

1.77 

(C.H.^ih, 

2.57 

- 

C,H,SiF, 

2.77 

i  .,1  i»t.ii 

2.5b 

S1H.C1 

1,28 

1.87 

'  SiH,Cl, 

1.17 

ch,u, 

1.56 

SiHCI, 

II. 8 

Cl  ICI. 

1  ,«M> 

8b 

8b 

8b 

217 

217 

21" 

217 

217 

217 

217 

217 

217 

217 

217 


a)  Name;  b)  Formula;  c)  Dipole  moment,  10“18  ESU;  d)  Formula  of  corresponding  or- 
jds;  e)  Dipole  moment,  10-*8  ESU;  f) 


ganic  compounds; 


Bibliography 


Table  61 


Boiling  Points  of  Azeotropic  Mixtures  of  Chlorosilanes  with  Certain  Compounds 

(Bibl.34,  35) 


Cmpmal  I 


SiCl, 

SiCl, 

SiCl* 

(Ul,),SlCl 
(( I  I,)*S1CI 


CH,CN 

CH,-CHCN 

CH,CN 

CHjsOIK.X 


IP  •)  Hiilun 


54,. I 
49,0 
51 .2 

>7 


'Able  62 

Physical  Properties  of  Methyl  and  Ethylchlorosilanes 


C) 

c 


Methyl  trichlorosil  ane 
Idichloro- 


silane 

Ethyl trichlorosil ane 
Diethyldichlorosil ane 


64,6 
(740  *,m) 
69,4 

(740  men) 
99-101 
:  (740e»m) 
(QH,).SiCI.  ;  130-131 
(740  mm) 


CHjSiCI, 

(CHj)jSiCI, 

C,H,SiCI, 


d) 

c 

•) 

c 

J) 

0 

10 

2u 

40  | 

1 

1 

1 

i 

|54 

89 

7* 

212 

45*  • 

48 

1 

76 

122 

185 

395 

14 

ii 

8 

14.8 

26 

44 

12U 

28 

28 

1  2 

A 

7.4 

13 

— 

a)  Name;  b)  Formula;  c)  Boiling  point;  d)  Flash  point;  e)  Fire  point;  f)  Vapor 
pressure  (ms  Hg)  of  pure  products  at  temperatures,  °C 
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Chemical  Properties  of  Alkyl-(Aryl)-Halosilanes 

factions  Connected  with  the  Replacement  of  a  Halogen  Atom  Bound  to  a  Silicon  Atom 

The  halogen  atoms  in  alkyl-(aryl)-halosilanes  maintain  the  same  chemical  charact¬ 
er  as  in  the  tetrahalosilanes  (which,  as  pointed  out  above,  are  typical  inorganic 
acid  chlorides).  The  organic  radicals  screen  the  bond  between  the  halogen  atom  and 
the  silicon  atom,  and  therefore  the  activity  of  the  halogen  atom  is  more  or  less  low¬ 
ered.  In  the  lower  alkylhalosilanes  (for  instance  in  the  methylchlorosilanes )  this 
influence  is  only  faint,  and  as  a  whole,  the  compound  maintains  the  pronounced 
character  of  an  acid  chloride i  it  is  instantaneously  hydrolyzed  by  water,  it  reacts 
actively  with  hydroxyl-containing  compounds  etc.  In  alkylhalosilanes  containing 
high-molecular  radicals,  and  in  particular  radicals  with  a  branched  structure,  the 
weakening  in  the  mobility  and  activity  of  the  halogen  atom  attached  to  the  silicon 
atom  is  expressed  considerably  more  strongly.  Thus,  for  instance,  tert-butyltri- 
chlorosilane  reacts  only  weakly  with  water. 

The  most  important  reaction  in  the  chemistry  of  organosilicon  compounds  is  the 
reaction  of  hydrolysis  of  alkyl-(aryl )-halosilanes,  which  proceeds  in  the  first 
instant  in  the  same  direction  as  the  reaction  of  hydrolysis  of  tetrahalosilanes: 

-Si  \  — lioll  - a  -Si  -Oh  +  HX 

The  hydrolysis  of  alkyl-(aryl)-halosilanes,  the  processes  of  condensation 
accompanying  hydrolysis,  the  structure  and  properties  of  the  reaction  products  are 
discussed  in  detail  below  (cf.  pp.  529  et  seq. ). 

The  reaction  between  alkyl- (aryl )-halosilanes  with  hydroxyl-containing  organic 
compounds  may  proceed  by  the  two  schemes  described  for  the  tetrahalosilanes:  by  the 
scheme  of  hydrolysis 

I  /  i  / 

-Si  \flld  - ►  -Si— Oil  .  XC-  (X) 

by  the  scheme  of  esterification 
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(2) 


-Si— x  -j-  iio-c--  -  — Si-o  t; — iix 

• 

While  the  tetrahalosilanes  react  vrith  equal  ease  by  the  first  and  second  pat¬ 
ters,  in  the  case  of  the  alkylhalosilanes  it  is  far  easier  to  conduct  the  process  of 
esterification. 

The  Reaction  of  Esterification 

The  reaction  between  alkyl-(aryl)-chlorosilanes  with  alcohol  takes  place  accord¬ 
ing  to  the  pattern: 


k,Si«VA.  H  viR'OH  RxSi(ORM,.r  --  (4-xlHCI 

The  basic  factors  determining  the  process  of  the  reaction  between  alkyl- (aryl )-chloro- 
silanes  and  alcohols  is  the  size  of  the  alcohol  radical,  and  also  the  size  and  number 
of  organic  radicals  attached  to  the  silicon  atom. 

The  activity  of  the  alkylchlorosilanes  in  the  reaction  of  esterification  is  con¬ 
siderably  less  than  that  of  SiCl^.  Thus,  for  example,  even  when  methyltrichloro- 
silane  reacts  with  absolute  ethanol,  the  thermal  effect  and  the  velocity  of  the  pro¬ 
cess  are  considerably  lower  than  for  the  corresponding  reaction  with  SiCl^.  Ethyl- 
trichlorosilane  reacts  still  more  slowly,  and  for  the  esterification,  for  instance, 
of  diphenyldichlorosilane,  it  must  be  heated  for  6-8  hours  (Bibl.87).  In  the  case 
that  the  radical  of  the  alkyl- (aryl )-chlorosilane  or  alcohol  radical  R*  is  a  suf¬ 
ficiently  long  or  branched  hydrocarbon  chain  or  ring,  the  velocity  and  intensity  of 
the  esterification  reaction  are  very  small.  For  instance  (Bibl.68),  diphenyldi¬ 
chlorosilane  reacts  with  phenyl  only  at  20CPC.  When  heated  for  8  hours  a  mixture  is 
formed  containing  not  only  a  substituted  ester,  but  an  arylhalo  ester: 

(C,H,),SiCll  +  C,H,OH  - - *  (C,H,)tSiCI(OC*H»)  +  HCI 

(C,H,)tSiG(OC,H()  +  C«H,OH - ►  <C,H,),Si(OC,Hl)t  +  HCI 
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The  esterification  of  alkylchlorosilanes  by  the  lower  alcohols,  like  the  reac¬ 
tion  of  esterification  of  SiCl^,  always  proceeds  with  the  formation  of  a  certain 
quantity  of  polymeric  hydrolysis  products  (owing  to  the  cleavage  of  water  from  the 
reaction  between  the  HC1  and  the  alcohol).  For  instance,  in  the  esterification  of 
diethyldichlorosilane,  the  following  side  reactions  take  place  together  with  the  main 
reactions  (Bibl.89): 

HCI  +  C,H,OH  - ►  CjH,CI  +  11,0 

•2((^H4),SiCl,  +  H,0 - *■  (C,H,),SiaOSlCI(C,H,),  +  2H(;i 

(C.I  l,),SiCIOSiCI((',H,),  +  20,1 1, OH - ►  (C,W,),Si-0-Si— (C,H,):  +  2HCI 

I  I 
00,11,  OC,H, 

If  the  esterification  is  conducted  by  the  action  of  an  alcoholate  (instead  of  an 
alcohol),  the  formation  of  polymeric  products  of  hydrolysis  is  theoretically  impos¬ 
sible,  but  the  yield  of  substituted  esters  is  low.  Thus,  for  instance  (Bibl.90)  when 
a  mixture  of  3  mols  of  sodium  ethylate  and  1  mol  of  ethyltrichlorosilane  is  boiled, 
ethyltriethoxysilane  in  LCfc  yield  is  formed.  The  reaction  with  sodium  methylate  is 
of  practical  importance,  and  proceeds  with  somewhat  better  yields.  Ethyltrichloro¬ 
silane  and  sodium  methylate  give  ethyltrimethoxysilane  in  5C?£  yield,  while  diethyl¬ 
dichlorosilane  gives  diethyldimethoxy silane  in  70£  yield. 

The  Reaction  of  Acylation 

The  replacement  of  a  chlorine  atom  in  tet rahalo silanes  by  an  acid  radical  RCOO- 
may  be  accomplished  by  reacting  the  halosilane  with  an  organic  acid  or  its  salt.  In 
the  case  of  alkyl- (aryl )-chlorosilanes,  it  is  more  convenient  to  conduct  this  reac¬ 
tion  with  the  salt  of  the  organic  acid,  for  instance  with  sodium  or  silver  acetate 
(Bibl.90)  i 


x)ai*OOON« - ►  R,SI(OCOCH,),_,  + 

Method  of  Preparing  Alkvlacetoxysllane .  In  a  flask  provided  with  a  stirrer, 
sodium  acetate  in  4-5  parts  by  volume  of  diluent  (benzene,  petroleum  ether)  is  placed, 
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and  then  a  solution  of  alkylchlorosilane  in  benzene  or  petroleum  ether  (1  :  1)  is 
added  with  stirring  at  the  boiling  point.  The  sodium  acetate  is  taken  in  double  the 
theoretical  quantity  (for  the  reaction  presented  above).  The  reaction  product  is 
separated  by  filtration  and  rectified. 

With  the  lower  alkylchlorosilanes,  this  reaction  proceeds  very  vigorously.  The 
alkylchlorosilanes  with  a  long  carbon  chain  (more  than  8  carbon  atoms)  react  in  a 
solvent  at  60-120°C  in  10-20  hours  (Bibl.92). 

The  reaction  products  are  readily  hydrolyzed  by  water,  forming  polyorganosilox- 
ane3  or  hydroxys ilanes.  The  latter  are  best  prepared  by  hydrolysis  by  means  of  a 
sodium  carbonate  solution: 

‘i(CtHt)9Si — OCOCH,  q-JNajCQ*  +  H*0 - *■  2(C,H,)tSi(OH)  +  KHfCOONa  +  CO. 

The  practical  importance  of  compounds  of  the  type  RxSi(C00R»  )/-x  is  that,  on 
their  hydrolysis,  in  contrast  to  the  hydrolysis  of  the  allylchlorosilanes,  such  chem¬ 
ically  active  by-products  as  HC1  are  not  formed,  while  the  hydrolysis  of  such  com¬ 
pounds  proceeds  at  a  far  higher  velocity  than  the  hydrolysis  of  the  substituted  esters. 
The  use  of  such  products  is  recommended  for  making  various  materials  that  cannot  be 
put  in  contact  with  HC1  water-repellant  for  instance  textiles,  paper,  etc. 

There  is  a  description  of  the  reaction  between  triethylchlorosilane  and  the  so¬ 
dium  derivative  of  acetoacetic  ester: 

<:<xx.,h,  -MQH,),SiCi - »  ch,-^;-chcooc,h,  +  Nan 

I  I 

ON  a 


The  reaction  product  is  hydrolyzed  on  treatment  with  IQ?  HC1,  forming  hexaethyl- 
disiloxane,  ethanol,  carbon  dioxide,  and  acetone. 

.  ..action  with  Ammonia  and  I.’itrogen-Containing  Compounds 

The  reaction  between  alkyl- ( aryl )-halosilanes  and  ammonia  may  lead  to  the  form- 
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ation  of  the  initial  substitution  products,  amines: 

i  I 

—Si— Cl  ■+■  2NH, - -  — Si— Nil,  +  NIH4CI 

I  I 

and  to  the  condensation  products  of  those  amines S 

I  i 

2— Si— NH, - —Si— NH— Si—  +  Ml  l:, 

I  I 

Amines  may  undergo  condensation  on  heating,  forming  polysilanimines,  as  the  hydrcxy- 
silanes  will  form  polysiloxanes.In  this  way  the  tendency  to  polymeric  compounds  is 
inherent  not  only  in  oxygen-containing  organosilicon  compounds,  but  also  in  such 
compounds  containing  nitrogen  (also  in  those  containing  sulfur).  But  both  nitrogen 
and  sulfur-containing  polymers  differ  from  the  polyorganosiloxanes  in  their  insta¬ 
bility  to  the  action  of  moisture,  and  are  readily  hydrolyzed  to  polyorganosiloxar.es, 

By  the  reaction  of  trialky l-(aryl )-chlorosilanes  with  ammonia,  trialkylamino- 
silanes  are  usually  formed: 

R,SiCl  +  NH,  -  '  K.SINH,  +  NH*CI 

The  preparation  of  trimethylamino3ilane  (Bibl.66)  is  described  on  page  623. 

The  reaction  between  trimethylchloro silane  and  ammonia  (Bibl.93),  in  contrast 
to  that  of  other  trialkylchlorosilanes,  leads  to  the  formation  only  of  hexamethyl- 
aminodisilane : 

2(CH»>»SiCI  +  3NH, - '  (CH,)*SiNHSi(CI  I,),  +  2NH,CI 

Preparation  of  Hexamethylaminodisilane.  To  900  ml  of  liquid  ammonia  placed  in 
a  Dewar  vessel,  269  g  of  trimethylchlorosilane  is  added,  with  stirring,  over  a  period 
of  3  hours  1,5  minutes;  the  excess  of  ammonia  is  gradually  driven  off  by  heating, 
after  which  the  hexamethylaminodisilane  i3  isolated  by  rectification.  Its  boiling 
point  is  125. 7-126. 2°C  (758 )mm).  Yield  99  g,  or  L5%  of  theoretical. 

Even  when  the  reaction  is  conducted  at  a  temperature  of  -7C°C,  trimethylamino- 
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silane  is  not  formed. 

Under  the  action  of  ammonia  on  dimethyldichloro silane  (Bibl.94)#  dimethyldi- 
aminosilane  is  formed  at  the  initial  instant: 

(CHs)tSiClt  +  4NH, - -  (CHf)|Si(NH|)|  +  2NM1(JI 

and  is  then  condensed,  forming  cyclic  polyorganoaminosilanes;  in  this  case  the  reac¬ 
tion  products  consist  mainly  of  cyclo-2, 4, 6-triimino-l, 3, 5-hexamethyltrisilane  and 
cyclo-2, 4, 6,8-tetraiaino-l, 3, 5,7-octamethyltetrasilane : 


Si 

HgC/Nfl, 


Prana  ration  of  ^piinosilanes.  A  solution  of  909  g  of  dimethyldichloro- 

silane  in  3  kg  of  benzene  is  placed  in  a  round -bot toned  flask  provided  with  a  stirrer. 
Aomonia  is  passed  in  for  4  hours  over  the  surface  of  the  liquid,  with  stirring,  at  a 
temperature  not  over  3CPC.  The  ammonium  chloride  is  then  filtered  off,  and  the  fil¬ 
trate  is  again  treated  with  anaemia  at  the  boiling  point  for  2  hours.  Fractionation 
of  the  reaction  products  yieldsi  cyclo-2,4,6-tilinino-l,3»5-hexamethyltrisllane, 
boiling  point  188°C  (763  am),  and  cyclo-2,4,6,8-tetraimino-lt3.5,7-octa*ethyltetra- 
silane,  boiling  point  225°C  (765  am),  melting  point  97°C. 

The  reaction  between  alkylchlorosilanes  and  aasonia  (Bibl.93,  95)  leads  to  the 
formation  of  the  respective  alkyl-(arylamino)-silanes: 

(Cll,)SiCI  +  2KNH.  — *•  (CH.fcSiNHR  -!-  RNH,  MCI 

The  process  is  conducted  by  pouting  the  trlmethylchlorosilane  into  an  excess 
of  the  amine  in  ether  solution.  The  yield  of  trimethylmethylaainosilane  from  methyl- 
amine  and  trlmethylchlorosilane  is  38Jl.  The  yield  of  trimethylethylaainosilane 
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under  similar  conditions  does  not  exceed  25 %•  In  case  the  silicon  is  bound  to  methyl 
radicals,  it  is  relatively  easy  to  replace  the  .three  hydrogen  atoms  attached  to  the 
nitrogen,  forming  hexamethylmethyliminodisilane: 

(Cllr.USiNHai,  4-  <CH,),SiCI - >  ((CH,)jSi|  .NUI;,  +  IK.I 

Compounds  with  other  radicals  attached  to  the  silicon  atom  react  according  to 
this  pattern  only  on  heating. 

On  the  reaction  of  alkyl- ( aryl  )-chlorosilanes  with  silver  isocyanate,  the  cor¬ 
responding  isocyanates  are  formed  (Bibl.96). 

l<*Sli:14-*  +  <4-*)A«NCO  v  K«Si(NU))4_x  ,  (4— 

Alkyl-(aryl)-isothiocyanatosilanes  are  prepared  similarly. 

Reactions  with  Metallic  Sodium 

Silicon  tetrachloride,  as  already  stated,  is  stable  to  the  action  of  metallic 
sodium  even  at  very  high  temperatures.  Alkyl- (aryl )-chlorosilanes  prove  to  be  more 
active  in  reaction  with  sodium.  When  alkyl- ( aryl )-chlorosilanes  are  heated  with 
sodium  at  110-14CPC,  condensation  takes  place: 

I  I  II 

-Si— <  I  -  -Nil  « .1  —  Si —  *  -Si-Si  +2Na<.l 

I  I  II 

The  products  of  the  reaction  may  either  be  derivatives  of  disilane  or  polyalkyl- 
( aryl)- silanes  of  relatively  high  molecular  weight. 

Preparation  of  Hexaalkvl-(Aryl)-Disilane  (Bibl.97).  When  a  mixture  of  3  g  of 
triphenylchlorosilane  dissolved  in  150-200  ml  of  xylene  is  boiled  with  2-3  g  of 
sodium  for  2  hours  in  an  atmosphere  of  nitrogen,  hexaphenyldisilane  is  formed.  It 
is  a  crystalline  substance  of  melting  point  351°C. 

By  a  similar  react ion, he xaethyldi silane  is  formed  from  triethylbromosilane.  By 
the  reaction  between  phenylethylbromochlorosilane  and  sodium,  diphenyldiethyldi- 
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propyldisilane  is  formed.  This  is  a  very  stable  compound  which  does  not  decompose 
even  under  the  action  of  hot  5 %  alkali. 

An  example  of  the  formation  of  a  polymer  containing  several  Si-Si  bonds  is  the 
preparation  of  the  so-called  MtetraneM  (Bibl.98). 

t(Qi  :i,  +  H\;,  ■((  :,i  i4)Hs  i4  4  8Na(  :i 


The  reaction  proceeds  under  the  action  of  sodium  on  a  toluene  solution  of  di- 
phenyltrichlorosilane  at  the  boiling  point,  with  vigorous  stirring  of  the  mixture. 

The  reaction  is  exothermic,  and  after  it  begins  no  further  heating  of  the  mixture  is 
required.  From  a  whole  series  of  reaction  products  (which  are  probably  polymer  homo- 
logs)  two  octaphenyltetrasilanes  have  been  isolated  and  studied,  one  of  them  being 
stable  and  apparently  having  a  cyclic  structure.  The  structure  of  the  second,  unsat¬ 
urated  compound,  cannot  be  considered  to  have  been  definitively  established. 

Under  the  action  of  water,  in  presence  of  pyridine,  on  the  unsaturated  compound, 
hydrogen  is  given  off  (Bibl.99): 

<C«ll,),Si4  +8IIOII - »•  4H,+  •t(C,Hl)sSi(OII)9 

The  cyclic  octaphenyltetrasilane  is  relatively  stable  in  the  air;  oxidation 
was  observed  under  the  influence  of  atmospheric  oxygen  in  boiling  toluene  or  when 
heated  to  10CPC  for  a  prolonged  period.  It  also  breaks  down  in  benzene  solution  on 
distillation;  the  solution  in  biphenyl  is  more  stable.  Oxygen  compounds,  such  as 
benzyl  alcohol,  acetophenone,  or  amyl  nitrite,  break  it  down  (it  is  possible  that  a 
transfer  of  oxygen  takes  place). 

According  to  Kipping,  octaphenyltetrasilane  has  the  following  structure: 


<>"» 

<VI,  C,Hr. 

1  1 

i 

Si  -  - 

1  1 
-Si-  Si  — 

| 

■  | 

(,*11,  <-*li, 

The  iodine  derivative  of  octaphenyltetrasilane  reacts  with  a  Orignard  reagent  accord- 

U8U 
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ing  to  the  equation: 


(C,H,),Sl4J.,  +  CjU.McBr  .  >  (C.l  lf),Si«(C.M,)J  +  MgJBr 

(crystals  of  melting  point  253-251°C).  The  oxide  of  octaphenyltetrasilane, 
(C^HjJgSi^O,  is  obtained  as  a  by  product.  Octaphenyldiiodotetrasilane  loses  all  its 
iodine  on  contact  with  sodium. 

When  diphenyldichlorosilane  or  di-p-tolydichlorosilane  reacts  with  KOH,  two 
products  are  formed,  one  insoluble  and  the  other  soluble  in  benzene  (Bibl.100).  The 
soluble  compound  obtained  from  diphenyldichlorosilane,  had  a  molecular  weight  of 
about  3900,  while  that  prepared  from  di-p-tolydichlorosilane  had  1150.  The  molecular 
weight  of  the  insoluble  product  prepared  from  di-p-tolydichlorosilane,  was  3150. 

On  the  reaction  of  sodium  with  dibenzyldichlorosilane  in  a  toluene  medium,  in 
a  nitrogen  atmosphere,  followed  by  addition  of  KOH,  a  small  quantity  of  hexabenzyl- 
disiloxane  and  tetrabenzylsilane  were  formed.  The  principal  product  of  the  reaction 
was  a  heavy  oil,  which  on  analysis  was  found  to  be  the  oxide  of  octabenzyltetrasilane 
which  was  apparently  formed  on  account  of  the  admixture  of  sodium  peroxide  in  the 
sodium. 


(C«HtCH|)|SiCI|  +  2Na  •  <-,H,CH3Si(Na)CI:  +-  QH,CH,Na 

(C»H,CH,)lSiCI,+  2C,H,CH,Na - -  2NaCI  +  (C,H,CH*)«Si 

(QH,ail)1SiCl1-h(^H,CI!.Na - -  Nad  r  (C,l  l,CH,),SiCI 

2(C,HlCH,),SiC:i  +  Na,0  -  >  2NaCI  +  l(<  «H,ai,)sSiJ^) 

Under  the  action  of  metallic  sodium  on  dimethyldichlorosilane,  high-molecular 
polydimethylsilane  may  be  obtained: 


x(C!l))fSiCI,  2xNa - >  f(ai,)^ijx  t-  2jcNaCI 

Preparation  of  Polydimethysilane  (Bibl.101).  A  mixture  of  150  g  of  metallic 
sodium,  700  g  of  dimethyldichlorosilane,  and  1  liter  of  benzene,  is  placed  in  a 
3-liter  autoclave.  The  reaction  begins  only  after  the  temperature  has  been  brought 
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up  to  the  melting  point  of  sodium  (98°C),  and  continues  with  great  exothermic  effect 

(spontaneous  rise  of  temperature  to  700°C  and  of  pressure  to  16  atm).  To  complete 

the  reaction,  the  autoclave  is  heated  at  115°C  for  10  hours,  after  which  it  is  opened 

and  the  reaction  mass  mixture  is  filtered  and  distilled.  The  residue  on  the  filter 

♦ 

is  blue,  probably  owing  to  the  presence  of  the  organosilicon  radical  IbgSiONa.  When 
the  precipitate  is  washed  with  water,  a  white  powder  is  separated,  whose  elementary 
analysis  corresponds  to  the  formula  [(CH-j^i]*.  According  to  ebullioscopic  determ¬ 
ination  of  the  molecular  weight,  x  ■  55.  X-ray  study  of  the  polymer  indicates  the 
presence  of  crystalline  structural  cells. 

The  filtrate  after  the  separation  of  the  precipitate  is  distilled  under  reduced 
pressure;  from  the  distillate  boiling  up  to  17CPC  (2  nut),  cyclodidecamethylhexasilane 
may  be  isolated.  After  recrystallization  from  a  water-methanol  mixture,  the  product 
begins  to  melt  at  7A°C  and  may  be  sublimed  at  10CPC.  The  distillation  residue  in  the 
retort  is  of  the  consistency  of  grease. 

The  polymers  so  obtained  are  rather  stable,  and  remain  unhydrolyzed,  not  only 
under  the  action  of  water,  but  even  under  the  action  of  moist  piperidine,  which 
usually  causes  quantitative  cleavage  of  the  Si-Si  bond.  The  quantitative  decomposi¬ 
tion  of  the  polymers,  with  liberation  of  1  mol  of  hydrogen  for  each  Si-Si  bond,  takes 
place  only  under  the  action  of  hot  alkali. 

In  all  the  above  described  reactions  between  organochlorosilanes  and  metallic 
sodium,  the  process  of  formation  of  the  Si -Si  bond  proceeds  obviously  by  analogy  to 
the  corresponding  reaction  of  organic  haloderivatives: 

Si— 1,1  + -^V,  *  Si— .Vi  +  \.i<  I 

•  -S:  Vi  t  c.lSi—  ■>  —Si —Si Vi<  I 

i  1 

Triethylbromosilane  reacts  with  sodiuratriphenylgermanium  with  the  formation  of 
an  unstable  compound  (crystals,  melting  point  93.5°C),  which  in  turn  reacts  with 
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metallic  lithium,  forming  triethyllithiumsilane  (Bibl.192): 


(Cjl  IjJjSiBr  +(C,tl  UfrtOi  Ni'  >N'-iBr  -  (CjH,)jSi-  -Ge(C,ll,)j 

((^IU).,Si--G.(f;nsK  -  21  >  (CsH,),S;-L  i  +  (C,H,),GcLi 

When  the  mixture  so  obtained  is  treated  with  an  alcoholic  solution  of  ammonium 
bromide,  triethylsilane  i3  formed: 

(C.H,),Sil.i  -  \ll4Br  >  <CjH,)jSiH  ••  NH,  -  LiBr 


Reactions  of  Hydrogenation 

Patent  data  (Bibl.lC3)  indicate  the  possibility  of  the  replacement  of  a  chlorine 
atom  in  an  alkylchloro silane  by  hydrogen,  by  passing  a  mixture  of  the  alkyl chloro- 
silane  vapor  and  hydrogen  through  tablets  of  silicon  containing  aluminum  chloride 
at  310-315°C. 

Reaction  with  Sulfuric  Acid  (Bibl.104) 

When  9.8  g  of  concentrated  sulfuric  acid  is  poured  into  23.8  g  of  trimethyl- 
chlorosilane  with  cooling  and  stirring,  the  following  reaction  takes  place: 

(Cl  l.VSiO  _  I  |j.m  >4  >  (CH,),SiOSO.,l  I  +  I  II  I 

(Cl  l9),Si(  )SOal  I  +  (Cl  l*),SiCI  >  (Cl  I:,),SiOSO..OSi(CI  I,),  I ICI 

Trimethylsilane  sulfate  consists  of  crystals  that  fume  in  air  and  have  a  melting 
point  of  45-46°C  and  a  boiling  point  of  87-89°C  (4  mm). 

Reactions  with  Oxides  of  Metals 

When  alkyl-(aryl)-chlorosilanes  react  with  metallic  oxides  (Bibl.105),  poly- 
organosiloxanes  may  be  obtained,  for  instance: 

HC,I  I,),SiCI;  ;  3HC0  —  >  |(C,Ii,)jSiO|,  +  3HrCI, 
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Dimethyldichlorosilane,  on  reaction  with  metallic  oxides,  yields  a  mixture  of 
various  polydimethylsiloxanes. 

Alkylchlorosilanes  may  react  with  polyalkylsiloxanes  (Bibl.96,  106),  and  in  this 
case  the  siloxane  bond  of  the  latter  is  broken  according  to  the  reaction: 


KiSiClj  +  o( 


Si(Rj)- 

Si(Ri)- 


Cl— Si(R,)~ 

►  +  R,SiO 

Cl— Si(R,)— 


Reaction  with  Sodium  Trimethylsilanolate 

As  a  result  of  the  reaction  of  sodium  trimethylsilanolate  with  alkylhalosilanes 
(according  to  the  type  of  the  Williamson  reaction),  polyorganosiloxanes  are  formed 
(Bibl*107): 


R^SiCI4_ae  -r  (4 — x)(CHs),SiONii  —  >  R^i((CH,VSiO|4_s  -  (4— 

In  this  way,  the  following  compounds  have  been  synthesized : 
diethyldi- ( trimethylsiloxy )-silane  (C^)^ [0Si(CHj)^]2  — (I)» 
ethyltri  ( -trimethylsiloxy  )-silane  C2HjSi  [03i  (CH3  )^]  3  -  (U)  and 
tetra-(trimethylailoxy )-silane  Si[0Si(CK^)^]^  -  (III)* 

Product  III  ougr  also  be  prepared  by  cohydrolysis  of  SiffX^Hj)^  and  (0113)331002115 
in  an  alkaline  medium,  and  also  by  the  reaction  of  trimethylhydraxysilane  and  tetra- 
ethoxysilane  in  the  presence  of  metallic  sodium: 

4(CII,),Si(OH)  (C.H,0)«Si  Si(OSi(CH,),|«  ,  4C*H,OH 

Preparation  of  Tetra- (Trimethylsiloxy  Silane.  To  a  lQf  solution  of  trimethyl- 
silanol  (1*2  mol)  in  benzene,  1.3  mol  of  metallic  sodium  is  gradually  added.  After 
completion  of  the  reaction  (heating  is  required  at  the  end  of  the  process)  the  solu¬ 
tion  of  trimethylsilanolate  is  decanted  with  the  excess  of  metallic  sodium,  and 
SiClj,  is  added  to  the  solution  gradually,  with  cooling  and  vigorous  stirring. 

After  AO  hours  of  boiling,  the  reaction  products  are  washed  with  water  to  re- 
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move  the  sodium  chloride,  and  the  organic  layers,  after  drying  over  potassium  carbon¬ 
ate,  is  fractionated. 

When  this  reaction  is  conducted  in  ether,  low  yields  of  the  product  are  observed, 
owing  to  the  low  boiling  point  of  the  solvent. 

A  mixture  of  0.2  mol  of  tetraethoxysilane,  1  mol  of  trimethylsilanol,  and  0.2  g 
of  sodium,  is  boiled  under  a  reflux  condenser  for  22  hours,  and  is  then  fractionated. 
The  yield  of  the  product  III  is  18#. 

Properties  of  Products  I,  II,  III 


I 

II 

III 

Boiling  Point,  °C  (733  nn) 

187 

206 

220 

20 

Refractive  Index  n^ 

1.4005 

1.3944 

1.3895 

Specific  Gravity 

0 

0.8751 

0.8756 

0.8854 

20 

0.8399 

0.8582 

0.8677 

60 

O.8C05 

0.8209 

0.8298 

Viscosity,  Centipoises,  at  °C 

0 

2,020 

2.723 

4.235 

20 

1.441 

1.896 

2.868 

60 

o,8a 

1.067 

1.5C3 

Yield,  %  of  Theoretical 

52 

44 

38 

A  reaction  similar  to  the  above  proceeds  readily  without  use  of  catalysts  when 
the  reaction  mixture  is  heated  in  a  steel  boob  lined  with  copper. 

When  725  g  of  dimethyldichlorosilane  and  702  g  of  the  hydrolysis  product  of 
dimethyldichlorosilane,  containing  an  admixture  of  2.5£  of  methyltrichlorosilane,  is 
heated  5 ‘hours  in  a  bomb  at  380-40CPC,  a  mixture  of  the  following  percentage  composi¬ 
tion  is  formed: 


f(CH,HSiO),  .  .  .0,2  Cl(CH,)^iOSi(CH,)lCI  .  .  .  2.12 
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l(CHa)tSiO|« . I  c:i((CH,)aSiOJaSi(CH?,)9<:i  .  .  19 

I  a  1,1,810, . 13  ci|(r.Hj)^iO],Si((:H,)^:i  .  .  2n 


In  a  glass  bomb  the  process  proceeds  less  intensely,  and  conversion  under  similar 
conditions  is  only  21%. 

When  dry  HC1  or  HBr  is  used  as  a  catalyst,  the  reaction  may  be  conducted  at  room 
temperature . 

Reaction  of  Rearrangement  of  Alkyl- ( Aryl )-Chlorosllane a 

One  of  the  most  interesting  and  characteristic  reactions  of  the  alkylchloro- 
silanes  is  thermal  rearrangement.  In  contrast  to  the  reactions  described  above,  the 
Si-C  bonds  are  broken  in  thermal  rearrangement,  and  cleavage  of  the  hydrocarbon  rad¬ 
icals  from  some  silicon  atoms,  with  their  addition  to  others,  takes  place: 

2R*SiCI,  RSiC!,+  R,SiM 
SRSiCI,  52  SiCI,  +  R,SiCI, 


The  process  is  completely  reversible,  and  by  studying  the  equilibrium  concentrations, 
the  equilibrium  constants  for  the  reactions  of  rearrangement  (disproportionation) 
may  be  easily  determined. 

The  phenomenon  of  disproportionation  of  hydrocarbon  radicals  attached  to  the 
silicon  atom  was  first  observed  by  Ladenburg,  who  prepared  email  amounts  of  diethyl- 
diphenylsilane  and  tetraethylsilane  by  reacting  diethylzinc  with  phenyltrichloro- 
silane  at  175°C. 

Dolgov  and  Vol*nov  (Bibl.109)  observed  rearrangement  on  heating  organochloro- 
silanes  24-1*8  hours  in  a  hydrogen  atmosphere  at  300°C,  under  100  atm  pressure.  They 
also  noted  that,  under  these  conditions,  the  cleavage  of  the  Si-C  bond  and  the  form¬ 
ation  of  disilane  and  the  hydrocarbon  is  observed.  The  rearrangement  of  alkyl 
groups  in  tetraalkylsilanes  has  also  been  observed  by  other  authors  (Bibl.UO),  who 
have  reported  that  an  equilibrium  mixture  containing  all  5  possible  tetraalkylsilanes 
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is  formed  when  approximately  equimolecular  quantities  of  tetraethylsilane  and  tetra- 
propylsilane  are  boiled  5  hours  at  175-180^0  in  the  presence  of  2.5  mol-£  of  AlCl^. 
Processes  leading  to  the  thermal  rearrangement  of  chlorobromosilanes  and  chloroiodo- 
silanes  at  60CPc  without  a  catalyst  are  also  known.  In  the  presence  of  aluminum 
chloride,  partial  rearrangement  may  be  accomplished  on  heating  halosilanes  7  hours  at 
14CPC.  The  replacement  of  the  hydrogen  by  chlorine  has  been  observed  in  synthesis 
of  chlorosilanes  from  silanes  and  dichlorosilanes. 

When  various  methylchlorosilanes  are  heated  at  45CPC  in  an  autoclave  in  the 
presence  of  inorganic  chlorides  as  catalysts,  there  is  an  exchange  reaction  of  the 
hydrocarbon  radical  attached  to  the  silicon  atom  (Bibl.lll). 

The  process  may  be  conducted  in  a  sealed  autoclave  at  temperatures  from  250  to 
45CPC  and  pressures  ranging  respectively  from  30  to  100  atm  (a  load  of  about  2.3  mols 
to  the  liter  of  reaction  volume  of  the  autoclave).  Aluminum  chloride,  in  an  amount 
of  about  2%,  is  the  best  catalyst,  but  at  a  temperature  about  40CPC,  the  reaction 
also  proceeds  well  even  without  a  catalyst. 

When  trlmethylchlorosilane  is  heated  15  hours  at  30CPC  under  a  pressure  of  54 
atm  in  the  presence  of  2.3#  of  aluminum  chloride,  a  mixture  containing  7,8%  of  tetra- 
methylsilane,  76.4#  of  trimethylchlorosilane,  and  9*l£  of  dimethyldichlorosilane  is 
formed ,  Considering  that  the  equilibrium  is  attained  under  the  conditions  of  the 
reaction,  the  equilibrium  constant  for  the  reaction 

2(CH,),Sia  -  (G  I,)«Si  4-  (CH*)»SlClj 
may  be  calculated  for  the  temperature  of  30QPC: 


'300 


(0,764)* 

0,078.0,91 


•82.5 


With  increasing  temperature,  the  equilibrium  is  somewhat  shifted  to  the  right 
(Kj5qo  *  74.3;  K^qo  *  54*9).  At  45CPC,  in  the  absence  of  a  catalyst,  equilibrium 
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is  reached  after  7  hours  (at  106  atm).  In  the  equilibrium  state,  the  reaction  mix¬ 
ture  contains  7.4$  of  tetramethylsilane,  15*1%  of  trimethylchlorosilane,  and  11%  of 
dimethyldichlorosilane  (K  -  66). 

When  dimethyldichlorosilane  is  heated  7  hours  at  30CPC  under  pressure  of  hi  atm 
in  the  presence  of  2 %  of  aluminum  chloride,  a  mixture  containing  1,6%  of  trimethyl- 
chlorosilane  and  12$  of  methyltrichlorosilane  is  formed.  Equilibrium  is  obviously 
not  reached,  since  from  an  equimolecular  mixture  of  trimethylchlorosilane  and  methyl¬ 
trichlorosilane  under  similar  conditions  a  mixture  containing  15$  of  trimethylchloro¬ 
silane  and  21%  of  methyltrichlorosilane  is  obtained.  When  thermal  rearrangement  of 
either  dimethyldichlorosilane  or  a  mixture  of  methyltrichlorosilane  and  trimethyl- ' 
chlorosilane  in  various  ratios  is  run  at  35CPC,  equilibrium  can  be  reached,  and  the 
reaction  constant: 

2(CH,),SiCI.  (CH,),SiCI  +  CH,SiCI, 

amounts  to  K^jqoc  *  39.9  (with  very  insignificant  deviation  in  the  individual  exper¬ 
iments).  Neither  SiCl^  nor  tetramethylsilanfc  are  detected  in  the  reaction  products. 

On  the  thermal  rearrangement  of  methyldichlorosilane  by  the  reaction 

2CH,SiCI,  5*  (G-it)tSiCI,  +  SiCI, 

equilibrium  cannot  be  attained.  At  450°C  under  6 A  atm  pressure  for  7  hours,  in  the 
presence  of  2,1%  of  aluminum  chloride,  a  mixture  is  formed,  containing  only  3,1%  of 
dimethyldichlorosilane,  together  with  94$  of  methyltrichlorosilane  and  traces  of 
SiCl^,  while,  under  similar  conditions,  an  equimolecular  mixture  of  dimethyldichloro¬ 
silane  and  SiCl^  yields  31$  of  dimethyldichlorosilane,  2U,3%  of  methyltrichlorosilane 
and  hi, 9%  of  SiCl^.  When  aluminum  chloride  is  used,  it  has  also  not  been  possible 
to  reach  equilibrium:  at  45 CPC  under  pressure  of  100  atm,  methyltrichlorosilane, 
with  1,1%  of  aluminum  chloride,  gives  2.8$  of  dimethyldichlorosilane,  66%  of  methyl¬ 
trichlorosilane,  and  11.4$  of  SiCl^,  while  an  equimolecular  mixture  of  dimethylchloro- 
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silane  and  SiCl^  under  these  conditions  gives  9.8?  of  dimethyldichlorosilane,  50?  of 
methyltrichlorosilane,  and  20.ii/?  of  silicon  tetrachloride.  The  low  reaction  velocity 
is  obviously  due  to  the  considerable  value  of  the  reactivation  energy. 

A  mixture  of  2  mols  of  SiCl^  and  1  mol  of  trimethylchlorosilane  at  375°C,  in 
the  presence  of  1.8?  of  aluminum  chloride,  shows  practically  no  change  in  its  compo¬ 
sition;  a  mixture  of  methyltrichlorosilane  and  dimethyldichlorosilane  likewise  almost 
fails  to  react.  From  a  mixture  of  equimolecular  quantities  of  tetramethy3ilane  and 
SiCl^,  when  heated  13  hours  at  290-325°C,  in  the  presence  of  2%  of  aluminum  chloride, 
5/o  of  trimethylchlorosilane  and  3%  of  dimethyldichlorosilane  is  obtained,  while  no 
methyltrichlorosilane  is  formed. 

When  methylchlorosilane  is  heated  to  325°C  (83  atm)  in  the  presence  of  2%  of 
aluminum  chloride,  the  following  are  formed:  0.6;?  of  gaseous  products  (HC1,  methane, 
chlorosilane),  1.2?  of  dichlorosilane,  7.2?  of  trichlorosilane,  30.7?  of  methyldi- 
chlorosilane,  29.5?  of  methyltrichlorosilane,  and  17.5?  of  dimethyldichlorosilane. 

In  all  cases  where  the  process  of  thermal  rearrangement  is  conducted  at  375°C 
or  higher,  methane  appears  in  the  reaction  product,  as  well  as  high-boiling  chloro- 

I  I  I 

silanes  containing  the  -Si-C-Si  group.  The  formation  of  such  compounds  is  due  to 

!  I  I 

the  following  irreversible  side  reactions,  into  which  the  methylchlorosilanes  may 
jnter: 


2Cii3SiU,  —  »  <:ii»  +  cijSiuijS.a, 

2(CH,)*SiCi  -  »  ai«  h  i'<:ns)*si— air- Si(<:iii>3'.i 

The  equilibrium  constants  of  the  reaction  of  disproportionation  of  methylchloro¬ 
silanes  have  been  determined  (Bibl.112). 

Method  of  Determination  and  Apparatus.  Weighed  amounts  of  chlorosilanes  and. 
the  catalysts  (aluminum  chloride)  are  placed  in  a  bomb.  This  bomb  is  connected  by 
means  of  two  cocks  with  an  intermediate  receiver,  and  then  with  bulbs  for  taking 

493 


F-TS-9191/V 


samples.  After  the  bomb  has  been  charged,  the  cocks  are  closed,  the  air  is  pumped 
out  of  the  intermediate  receiver,  and  the  bomb  is  heated  15-20  hours.  During  the 
process  of  heating,  samples  are  taken  and  analyzed  on  the  mass  spectrometer,  which 
has  previously  been  calibrated  for  various  mixtures  of  methylchlorosilanes. 

If,  to  save  space,  the  substances  and  their  concentrations  are  denoted  by  the 
following  symbols: 


SiCI4  =  Q 

CHjSiCl,  T  (CH,)*SiCI  =-  M 

<CH,),SiClf  =  D  <CH,)«Si  S 


then  the  equilibrium  constant  for  the  system  MDT  at  35CPC  under  pressure  of  47.3 
2 

kg/cm  is: 


A 


.9 


The  thermodynamic  characteristics  of  the  reactions  in  the  systems  SMD  and  MDT 
are  as  follows: 


System 

System 

Equilibrium  Constant 

SMD 

MDT 

at  35CPC 

74.3 

39.3 

at  42C°C 

54.9 

29.8 

Thermal  Effect  of  Reaction,  kcal 

-3.6 

-3.6 

Free  Energy,  kcal 

5.4 

-4.7 

Entropy,  in  Entropy  Units 

2.8 

1.6 

In  the  system  DTQ  the  velocity  of  reaction  is  very  low.  Thus,  for  instance, 
pure  CHjSiCljOr)  at  420°C  in  the  presence  of  5  g  of  aluminum  chloride  after  20  hours 
was  only  rearranged.  The  composition  of  the  mixture  after  20  hours  was  as  follows 
D  =  /,;%  T  •  921  and  Q  -  h*. 
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At  the  same  time,  a  mixture  of  equivalent  quantities  of  D  and  Q  under  these 
Same  conditions  showed  only  1056  of  T  after  20  hours,  and  consisted  of  h.5%  each  of  D 
and  Q.  This  slow  pace  of  the  reaction  probably  depends  on  its  high  energy  of  activa¬ 
tion. 

The  kinetics  of  the  reaction  have  been  studied  mainly  on  the  system  MDT.  To 
determine  whether  the  reaction  is  of  homogeneous  or  heterogeneous  character,  11  g  of 
fine  steel  wire,  coiled  into  a  lump  and  having  a  surface  of  200  cm2  for  each  gram  of 
the  reacting  substances,  was  placed  in  a  reaction  bomb-  Since,  in  spite  of  the  ten¬ 
fold  increase  in  the  surface  area,  the  velocity  of  the  reaction  remained  practically 
the  same,  it  may  be  concluded  that  the  reaction  is  of  homogeneous  character. 

It  must  also  be  noted  that  at  a  temperature  of  35CPC,  the  methylchlorosilanes 
can  exist  only  in  the  form  of  gases,  since  their  critical  temperatures  lie  below  the 
temperature  of  the  experiment.  The  critical  temperature  of  aluminum  chloride  is 
357°C.  Thus  the  greater  part  of  the  aluminum  chloride  should  also  consist  of  gas. 

It  has  been  found  that  the  time  required  for  the  reaction  to  pass  from  2556  to 
5056  of  completion  amounts  to  1/3  of  the  time  necessary  to  reach  the  equilibrium  state. 
If  we  denote  this  period  by  t^3  ,  we  may  note  that  the  function  — - prac¬ 

tically  does  not  change  with  the  concentration  of  aluminum  chloride,  and  is  constant 
under  the  given  conditions. 

In  turn,  the  relation  between  t j/3and  (AICI3)  is  expressed  by  a  straight  line. 

Since  the  expression  — - —  is  proportional  to  the  rate  of  reaction,  the  rate  of 

tl/3 

reaction  is  proportional  to  the  quantity  of  aluminum  chloride. 

The  value  of  t^3  does  not  depend  on  the  initial  concentration  of  the  reagents, 
for  a  constant  concentration  of  aluminum  chloride.  The  disproportionation  reaction 
is  a  first-order  reaction. 

It  is  interesting  to  note  the  following  experiment. 

In  a  bomb,  53. A  g  of  dimethyldichlorosilane  was  placed.  The  apparatus  was 
heated  to  35CPC,  and  the  pressure  in  it  amounted  to  48  atm.  Then  460  g  of  aluminum 
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chloride  wa3  added  to  the  bomb  and  it  was  again  heated  to  35CPC.  The  pressure  in  the 
apparatus  was  18. 4  atm,  while  the  theoretically  calculated  increase  of  pressure  due 
to  the  aluminum  chloride  should  have  been  not  0.4  atm,  but  5.4  atm.  This  experiment 
speaks  for  the  view  that  the  aluminum  chloride  almost  completely  forms  complex  com¬ 
pounds  with  the  methylchlorosilanes. 

The  most  probable  mechanism  for  the  disproportionation  reaction  is  as  follows: 

(CH,)sSiCU  +  AlClj - *  (CH,)sSiC!;  AI(:i:,  (l) 

(Cil,)jSiCl5  +  (CH,)jSiCI.'AICI,  jr?  (CII,),SiCI  +  Cl IjSKJs- AiCh  (2) 

CH,SiCI,  AICI,  -f  (CH*)*SiCU  ^  Cll.SiCl,  +  (CH,)5SiG,-AICI3  (S) 

Reaction  (l)  proceeds  many  times  faster  than  reactions  (2)  and  (3).  Reaction 
(3),  in  turn,  is  faster  than  reaction  (2). 

The  following  data  is  presented  on  the  rate  of  reaction  (2)  in  the  forward  and 
reverse  direction: 


Rate  of 

Rate  of 

Forward 

Reverse 

Reaction 

Reaction 

at  35CPC 

4.1*10~5 

2.8*10-^ 

at  375°C 

7.3*10“5 

4.93*10’' 

The  value  of  K  is  expressed  by  the  ratio  between  the  velocity  of  the  forvrard 
reaction  and  the  velocity  of  the  reverse  reaction: 

a-J^Lw 

Values  of  the  Reaction  Constants 

at  35CPC  at  375°C 

Constant  of  Reaction  (2)  0.146  0.147 

Constant  of  Reaction  (3)  0.171  0.174 

On  the  basis  of  these  data  the  value  of  the  activation  energy  of  reaction  (2) 


F-TS-9191/V 


496 


can  be  approximately  calculated.  It  is  about  22  kcal. 

The  mechanism  of  the  process  is  probably  a3  follows:  the  aluminum  chloride  adds 
to  a  chlorine  atom  of  dimethyldichlorosilane,  thus  'weakening  the  3i-Cl  bond.  The 
further  course  of  the  process  is  connected  with  the  dissociation  of  the  complexes  so 
formed  into  a  positive  dialkylchlorosilane  ion  and  tetrachloroaluminate  ion,  as  is 
postulated  in  the  Friedel-C rafts  reactions: 

iciijisSiU.  Aiu,  ^  |(CiiJ)JSi<:i|+  +  |aiu«| 

It  must  be  assumed  that  the  rearrangement  takes  place  owing  to  the  weakening  of 
;  .e  3i-C  and  3i-Cl  bonds  as  a  result  of  the  addition  of  the  aluminum  chloride  to  the 
molecule  of  the  corresnondir.g  methyichlorosilane. 

The  most  varied  alkyl-  and  arylchlorosilane3  may  enter  into  the  reaction  of 
thermal  rearrangement.  Thus,  for  example,  when  1.38  mol  of  diphenyldichlorosilane 
is  heated  with  1.25  mol  of  SiCl/t  in  a  copper-lined  steel  autoclave  at  35CPC,  under  a 
pressure  of  32  atm,  in  the  presence  of  0.8%  aluminum  chloride,  for  4  hours,  1  mol  of 
phenyltrichlorosilane  is  formed  and,  in  addition,  0.7  mol  of  benzene. 

1.87  mol  of  phenyltrichlorosilane  and  1.9  mol  of  trimethylchlorosilane,  heated 
in  the  presence  of  0.8*  of  aluminum  chloride  at  325°C  for  4  hours,  yield  0.33  mol  of 
phenylmethyldichlorosilane • 

Since  it  is  impossible  to  separate  phenyltrichlorosilane  from  phenylmethyldi¬ 
chlorosilane  by  rectification,  owing  to  the  proximity  of  the  boiling  points,  20CPC 
and  201*90,  the  composition  of  the  mixture  is  determined  by  esterification  of  the 
chlorides  by  ethanol,  followed  by  fluorination  and  separation  of  the  phenylmethyldi- 
fluorosilane  by  rectification. 

A  mixture  of  1  mol  of  phenyltrichlorosilane  and  2.01  mols  of  trimethyldichloro- 
silane,  heated  U  hours  in  the  presence  of  2^  of  aluminum  chloride  at  35CPC,  under 
57  atm  pressure,  yields  0.18  mol  of  phenylmethyldichlorosilane. 

Heating  a  mixture  of  1.54  mol  cf  ethyldichloro silane  and  1.53  mol  of  dimethyl- 
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dichlorosilane  in  the  presence  of  2%  aluminum  chloride  at  3?5°C  for  5  hours  gives 
0.2  mol  of  dimethylethyldichloro3ilane.  The  product  may  be  separated  from  the  reac¬ 
tion  mixture  by  esterification  of  the  mixture  with  absolute  ethanol,  followed  by 
rectification.  A  mixture  of  equimolecular  quantities  of  diphenyldichlorosilane  and 
SiCl^,  at  350°C,  either  in  the  presence  of  aluminum  chloride  or  in  its  absence, 
yields  a  certain  amount  of  phenyltrichlorosilane,  but  this  compound  is  formed  not  as 
a  result  of  a  disproportionation  reaction,  but  by  the  reaction  of  diphenyldichloro¬ 
silane  with  HC1: 


l&hSiCl.  -f-  MCI  •  CjHjSiCI*  q*  C,H, 


since  benzene  is  always  formed  in  amounts  roughly  equivalent  to  the  phenyltrichloro¬ 
silane. 

Method  of  Conducting  the  Disproportionation  Reaction  of  Alkyl- (Aryl )-Chloro- 
silanes.  1.  In  a  copper  lined  1.30  liter  autoclave,  386  g  (1.52  mol)  of  diphenyldi¬ 
chlorosilane  and  258  g  (1.51  mol)  of  SiCli  (40#  by  weight)  are  placed.  The  tempera¬ 
ture  of  the  mixture  is  slowly  raised  ever  a  3  hour  period  of  350°C  (35  atm),  and  the 
mixture  is  held  at  1  hour  at  this  temperature.  The  temperature  is  then  raised  to 
375°C,  and  after  holding  the  mixture  2  hours  at  this  temperature,  the  autoclave  is 
cooled.  Rectification  of  515  g  of  liquid  reaction  mass  yields  187  g  of  SiCl^,  which 
amounts  to  91#  of  the  quantity  taken  in  the  reaction,  as  well  as  about  U  g  of  ben¬ 
zene  and  7.A  g  of  phenyltrichlorosilane,  of  the  boiling  point  19A-202°C. 

2.  In  an  autoclave  not  lined  with  copper  1.3  liter  in  capacity  350  g  (1.38  mol) 
of  diphenyldichlorosilane,  213  g  (1.25  mol)  of  SiCl^,  and  U  g  of  anhydrous  aluminum 
chloride  are  placed,  and  the  mixture  is  heated  U  hours  at  35CPC  and  32  atm  pressure. 
The  liquid  reaction  mixture  is  then  distilled,  yielding  213.2  g  (l.GL  mol)  of  phenyl¬ 
trichlorosilane,  boiling  point  197-20CPC,  and  54.2  g  (0.7  mol)  of  benzene. 

3.  In  a  3. A  liter  autoclave,  396  g  or  1.87  mol  of  phenyltrichlorosilane,  207  g 
or  1.90  mol  of  trimethylchlorosilane,  and  5.0  g  or  O.C37  mol  of  anhydrous  aluminum 
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chloride  are  placed.  After  heating  4  hours  at  325°C,  trimethylchlorosilane,  di- 
methyldichlorosilane,  methyltrichlorosilane,  and  benzene  are  distilled  from  the 
liquid  reaction  mass  up  to  175°C.  Fractionation  of  the  residue  over  sodium  chloride 
yields  102  g  of  liquid  of  the  boiling  point  190-205°C,  containing  40.65?  of  chlorine. 
Methylphenyldichlorosilane  was  detected  in  the  product  and  was  separated  by  convert¬ 
ing  into  methylphenyldiethoxy silane  (51  g),  boiling  point  221.5-223°C.  A  similar 
product  was  prepared  from  methyldichlorosilane  and  anhydrous  ethanol.  It  passed 
over  at  221. 5°C,  while  phenyltriethoxysilane  boils  at  235-237°C.  The  51  g  of 
methylphenyldiethoxy  silane  was  then  treated  with  anhydrous  HF.  The  methyldifluoro- 
silane  so  formed  was  extracted  with  pentane  and  fractionated,  yielding  23.2  g  of  a 
product  with  the  boiling  point  141. 2-141. 7°C.  The  boiling  point  of  methylphenyldi- 
fluorosilane  is  142-142. 5°C.  The  fluorine-ion  content  by  analysis  (titration  in  the 
presence  of  calcium  chloride)  was  23.8?  and  23.5!?.  The  theoretical  content  would  be 
24.Q4& 

4.  In  a  1.3  liter  autoclave,  212,5  g  or  1.00  mol  of  phenyltrichlorosilane, 

259  g,  or  2.GL  mol  of  dimethyltrichlorosilane,  and  10  g  of  aluminum  chloride  are 
placed.  The  autoclave  is  heated  4  hours  at  35CPC  (57  atm).  The  reaction  mixture  is 
treated  as  in  the  preceding  case,  yielding  about  29  g  or  0.18  mol  of  methylphenyldi- 
fluorosilane,  with  the  boiling  point  141-142°C. 

5.  In  a  3  liter  autoclave,  198.5  g,  or  1.54  mol,  of  dimethyldichlorosilane, 
249.1  g  or  1.53  mol  of  ethyltrichlorosilane,  (boiling  point  10CPC),  and  10  g  of 
aluminum  chloride  are  placed.  After  heating  5  hours  at  375°C,  the  mixture  is  treat¬ 
ed  as  indicated  in  paragraph  ncn,  yielding  130  g  of  a  mixture  of  ethylchlorosilane 
and  methylethyldichlorosilane,  boiling  point  100. 5°C.  The  mixture,  containing 
57.7-57.8;?  of  chlorine,  was  treated  with  absolute  ethanol,  yielding  32.8  g  of 
methylethyldiethoxysilane.  The  principal  fraction  (14.3  g),  boiling  at  1ACPC,  has 

a  refraction  index  nD  ■  1.3590. 
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Reaction  with  Aluminum  Chloride 


The  cleavage  of  the  organic  radicals  in  alkyl- (aryl )-chlorosilanes  may  take 
place  under  the  action  of  aluminum  chloride.  Diphenyldichlorosilane  and  ethyl  brom¬ 
ide  in  the  presence  of  aluminum  chloride,  actively  react,  even  at  room  temperature, 
by  the  reaction: 


lj)sSiUj  -h  AICI,  u.  C.I  IjBr  =  +  C,llsSiCI,  AICI.Br 

'  yi  I3Si« \|C|,  4- (  ,|I,Br  =•  C-HiC.II;,  S  r  l4  —  A  U  'l_.Br 


In  the  absence  of  ethyl  bromide,  diphenyldichlorosilane  reacts  with  aluminum 
chloride  when  heated  to  7CPC: 

(C,H,)«SiCI;  4  AICI,  =  C,l  I, AICI.  f  C.I  l*SiCI, 

c.MjSia,  -f  Ain,  <:,ii,ak:i.  +siu, 


A  Few  Specific  Reactions  of  Alkyl- (Aryl )-Fluorosllane3  and  Iodosilanea 

The  alkyl- (aryl )-fluorosilanes  (Bibl.65),  are  somewhat  less  active  chemically 
than  the  alkyl- (aryl )-chloro silanes,  and  enter  with  greater  difficulty  into  most 
chemical  reactions.  Thus,  for  instance,  the  process  of  hydrolysis  of  alkylfluoro- 
silane  takes  place  with  considerably  less  intensity.  The  reaction  of  hydrolysis  of 
alkyl- (aryl )-fluorosilanes : 

KjrS'i -r  (4 — x)l  1.0  RxSi(OI  li,_x  +  <4-.x)HF 

is  reversible,  and  proceeds  to  completion  only  when  a  considerable  excess  of  water 
is  used.  While  alkyltrifluorosilanes,  like  the  chlorosilanes,  fume  in  air,  the 
dialky ldifluorosilanes  are  already  more  stable.  They  do  not  fume  in  air,  and  are 
only  slowly  hydrolyzed  under  the  action  of  water  (for  instance  the  hydrolysis  of 
diethyldifluorosilane  with  an  excess  of  water  is  completed  only  after  12  hours). 

The  trialkylfluorosilane,  except  for  trimethylfluorosilane,  do  not  react  with  cold 
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water,  while  the  higher  trialkylfluorosilanee  do  not  react  even  with  aqueous  alkali* 
The  sharp  increase  in  the  stability  of  the  alkylfluorosilanes  with  increasing  nuniber 
of  hydrocarbon  radicals  is  obviously  connected  not  only  with  the  steric  factor,  but 
also  with  the  electronic  structure  of  the  molecule. 

The  alkylfluorosilanes  are  distinguished  by  exceptional  thermal  stability.  Di- 
butyldifluorosilane  is  stable  on  heating  in  a  sealed  tube  at  30CPC,  while  the  decom¬ 
position  temperature  of  trimethylfluorosilane  is  over  600°C. 

The  reaction  of  esterification  of  alkylfluorosilanes  takes  place  with  consider¬ 
ably  more  difficulty  than  that  of  the  corresponding  alkylchlorosilanes.  Thus,  for 
example,  the  reaction  between  butylfluoro silanes  and  methanol  can  be  carried  to  com¬ 
pletion,  but  with  butanol  even  butyltrifluorosilane  reacts  slowly  and  incompletely, 
and  in  the  initial  stage  simply  dissolves  without  evolving  HF. 

The  reaction  between  alkylfluorosilanes  and  sodium  alcoholate  proceeds  somewhat 
better.  In  this  case,  diisopropyldifluorosilane  gives  dii sopropyldiethoxy silane  in 
L5%  yield. 

The  alkylflurosilanes  have  an  irritant  effect  on  the  organism;  propyltrifluoro- 
silane,  and  particularly  n-butyltrifluorosilane,  are  powerful  poisons. 

In  contrast  to  hydrogen  fluoride,  the  alkyltrifluorosilanes  do  not  form  complex 
compounds  with  sodium  fluoride,  and  therefore  when  alkylfluorosilanes  contaminated 
with  HF  are  passed  through  tablets  of  sodium  fluoride,  a  product  free  from  traces 
of  HF  may  be  obtained. 

The  iodo-derivatives  are  distinguished  from  all  other  alkylhalosilanes  by  their 
minimum  stability  (Bibl.67).  The  products  obtained  on  rectification  in  the  form  of 
colorless  liquids  rapidly  acquire  a  dark  color  in  the  light,  owing  to  the  liberation 
of  small  amounts  of  iodine.  The  addition  of  glass  wool  accelerates  the  process  of 
decomposition  and  leads  immediately  to  a  considerable  darkening  of  the  product. 

The  alkyliodosilanes,  like  the  alkylchlorosilanes,  are  hydrolyzed  very  readily 
by  the  action  of  water,  forming  hydroxides  of  the  silanes  and  polysiloxanes.  The 
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reaction  with  an  alcohol  leads  to  the  formation  of  substituted  esters.  When  a  mix¬ 
ture  of  ethyl  alcohol  and  piperidine  is  added  to  isopropyldiiouosilane,  diisopropyl- 
diethoxysilane  in  53*  yield  is  obtained.  We  recall  that  under  the  action  of  ethyl 
alcohol  on  silicon  tetraiodide,  only  ethyl  iodide  and  silica  gel  is  formed. 

The  iodine  atom  can  be  easily  replaced  by  an  organic  radical  under  the  action  of 
an  organomagnesium  compound.  Under  the  action  of  silver  cyanide,  alkyl cyano silanes 
are  formed : 

hjjSi.l  ■+•  Vu'CN  —  ►  (QilMaSk-N  Atj.l 

It  has  not  been  possible  to  conduct  the  analogous  reaction  with  tripropylchloro- 
silane. 

'laloalkyl-fHaloarrl )-Halosilanes 
Methods  of  Preparation 

Under  the  action  of  halogens  on  organosilicon  compounds,  two  reactions  may  occur. 

1.  Cleavage  of  the  alkyl  or  aiyl  radical  and  its  replacement  by  a  halogen,  such 
as,  for  example,  in  the  bromination  of  tetraphenylsilane  (Bibl.113): 

-f  Rr-.  >  (<«ll,);iSiBr  +  r:,!l,Br 

or  on  the  halogenation  of  a  trialkylhalosilane  (Bibl.118): 

(AIK)fSiX  ■+■  X8  -  >  (AIK)*SiXX2  + AIKX' 

The  velocity  of  this  reaction  increases  in  the  series  X  ■  Br  <  Cl  <  F<  I. 

2.  Halogenation  of  alkyl  and  aiyl  radicals  of  the  organosilicon  compound,  as, 
for  instance,  in  the  chlorination  of  triethylphenylsilane  (Bibl.lll): 

"  .II,):, Si  -t-CU  -  >  «.alls),Sl— {  (.l+IHI 
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This  direction  of  the  reaction  is  of  very  great  importance.  In  practice,  the 
two  reactions  often  take  place  simultaneously.  The  dominant  direction  of  the  reac¬ 
tion  depends  on  the  conditions  under  which  the  process  is  conducted  and  on  the  pres¬ 
ence  of  catalysts. 

As  shown  by  Yakubovich  and  Ginzburg  (Bibl.193),  the  chlorination  of  the  aromatic 
nuclei  of  phenylchlorosilanes  is  facilitated  in  the  presence  of  the  usual  chlorina¬ 
tion  catalysts  (metallic  iron,  iodine,  phosphorus  pentachloride,  antimony  trichloride 
aluminum  chloride),  and  under  ultraviolet  irradiation. 

It  has  been  found  that  on  the  chlorination  of  phenylchlorosilanes  in  the  pres¬ 
ence  of  such  catalysts  as  compounds  of  aluminum,  of  iron,  or  of  antimony,  the  chlor¬ 
ination  is  accompanied  by  a  process  involving  the  cleavage  of  the  reaction  product- 
at  the  Si-C  bond.  When  aluminum  chloride  is  used  as  a  catalyst,  this  cleavage 
already  takes  place  at  the  initial  stage  of  chlorination,  at  temperatures  of  the 
order  of  50-7CPC;  in  the  presence  of  ferric  chloride  it  takes  place  only  under  deep 
chlorination  and  at  a  higher  temperature  (1A0-15C P),  and  at  that,  only  to  very  insig¬ 
nificant  degree.  In  the  presence  of  antimony  trichloride,  the  chlorination  proceeds 
smoothly  and  goes  to  completion  without  signs  of  cleavage  even  of  the  products  of 
deep  chlorination. 

The  cleavage  products  of  phenyltrichlorosilane  and  of  its  chlorine  derivatives, 
on  chlorination  in  the  presence  of  aluminum  chloride  or  of  ferric  chloride,  are 
chlorophenylchlorosilanes,  SiCl^,  and  chlorine  derivatives  of  benzene  of  various 
degrees  of  substitution. 

The  cleavage  of  the  reaction  products  at  the  3i-C  bond  takes  place  even  more  in 
the  chlorination  of  diphenylchlorosilane  than  on  the  chlorination  of  phenyltrichloro¬ 
silane.  Thus,  when  aluminum  chloride  or  ferrous  chloride  is  used  as  a  catalyst,  the 
cleavage  of  the  reaction  product  takes  place  already  at  the  temperature  of  3CPC,  at 
the  very  beginning  of  chlorination.  In  the  presence  of  antimony  trichloride,  this 
process  is  observed  on  deeper  chlorination,  and  at  higher  temperatures. 
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The  chlorination  of  diphenyldichlorosilane  in  the  presence  of  iron  or  antimony 
compounds,  at  temperatures  of  70-12C°C,  leads  to  the  formation  of  a  complex  mixture 
of  chlorine  derivatives  of  diphenyldichlorosiianes  and  of  phenyltrichlorosilanes  and 
of  chlorine  derivatives  of  benzene  of  various  degrees  of  substitution. 

According  to  data  of  Rochow  (Bibl.115),  the  chlorination  of  diphenyldichloro¬ 
silane  under  these  conditions  leads  to  the  formation  only  of  chlorine  derivatives  of 
diphenyldichlorosilane  which  is  not  in  agreement  with  the  data  of  other  investigators. 

The  chlorination  of  phenylchlorosilane  in  the  presence  of  iodine  and  phosphorus 
pentachloride  takes  place  at  a  temperature  of  110-lACPC  without  cleavage  of  the 
chlorination  product,  but  these  catalysts  only  weakly  catalyze  the  chlorination  pro¬ 
cess.  Iodine  and  phosphorus  pentachloride  may  be  used  to  prepare  monochloro-deriva- 
tives  of  phenyltrichlorosilane  and  triphenyldichlorosilane. 

Chlorination  at  10CPC  and  over,  without  catalysts,  or  chlorination  under  ultra¬ 
violet  irradication  of  the  reaction  mixture  at  70°C,  does  not  lead  to  the  cleavage 
of  the  Si-C  bond  in  phenyltrichlorosilane  and  diphenyldichlorosilane. 

The  cleavage  of  the  Si-C  bond  in  the  presence  of  catalysts  increases  with  the 
chlorination  temperature;  it  may  be  minimized  by  conducting  the  chlorination  under 
milder  conditions  (for  instance  at  a  temperature  of  20-3CPC  in  a  medium  of  carbon 
tetrachloride  or  some  other  solvent  inert  with  respect  to  chlorine).  The  cleavage 
of  phenyltrichlorosilane  and  of  diphenyltrichlorosilane  in  the  presence  of  the  chlor¬ 
ides  of  iron,  aluminum,  or  antimony,  increases  as  the  chlorine  atoms  accumulate  in 
the  phenyl  nuclei  of  these  compounds.  The  process  of  cleavage  may  lead  to  formation 
of  SiCl^,  on  the  one  hand,  and  of  organometallic  compounds,  on  the  other. 

The  formation  of  organometallic  compounds  is  confirmed  by  the  separation  of 
chlorophenylantimony  dichloride  from  the  reaction  products. 

On  the  basis  of  these  data,  the  process  of  cleavage  of  phenylchlorosilanes  on 
their  chlorination  in  the  presence  of  aluminum  chloride,  ferric  chloride,  or  anti¬ 
mony  trichloride,  may  be  represented  by  the  following  general  formula: 
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SlU  MtCl ,  :  -'l(;ln^6llS-„Me*.l,|  C--  M-< :i ;  +  ( ,6H5_n<  ,l„, , 

(it  n  >  m)  j  \IC1, 

'  |l  *ml  6*  ^>|  -f-  Si*-I , 


Consequently,  the  principal  cause  of  the  cleavage  of  phenylchlorosilanes  on  their 
chlorination  in  the  presence  of  ferric  chloride,  aluminum  chloride,  or  of  antimony 
trichloride,  is  the  formation  of  organic  compounds  of  these  metals,  which  are  then 
immediately  broken  down  under  the  action  of  chlorine;  thus  regenerating  MeCl^,  which 
then  leads  to  further  cleavage  of  the  phenylchlorosilanes. 

The  chlorination  of  phenylchlorosilane  in  the  presence  of  aluminum  chloride  is 
very  intense,  and  proceeds  with  great  liberation  of  heat,  leading  to  the  resinifica- 
tion  of  the  reaction  product. 

In  the  presence  of  antimony  trichloride,  the  side  process  of  cleavage  of  the 
phenyltrichlorosilanes  and  the  products  of  its  chlorination  is  observed  to  a  consid¬ 
erably  lesser  degree  than  in  the  presence  of  aluminum  chloride,  even  at  elevated 
temperatures.  For  this  reason,  chlorination  in  the  presence  of  antimony  trichloride 
makes  it  possible  to  prepare  polychloro-derivatives  of  phenylchlorosilanes  in  rather 
good  yield,  up  to  90^,  in  the  chlorination  of  phenyltrichlorosilane,  and  up  to  65% 
in  the  case  of  the  chlorination  of  diphenyldichlorosilane.  In  this  way,  chlorine 
derivatives  of  phenyltrichlorosilane,  from  the  monochloro-  to  the  di-  and  trichloro- 
phenyltrichlorosilane  has  been  prepared.  The  preparation  of  the  chlorine  derivatives 
of  diphenyldichlorosilane  of  a  higher  degree  of  chlorination  involves  great  difficult¬ 
ies,  in  view  of  the  fact  that  the  cleavage  of  the  -Si-C-  bond  increases  markedly  with 
the  temperature.  Such  constituents  in  the  nucleus  as  the  -SiCl^  group  and  the 
kci2  group,  by  their  nature,  should  orient  the  chlorine  into  the  meta-position, 
that  is,  hinder  the  course  of  the  substitution  reactions  in  the  benzene  ring.  This 
is  in  fact  confirmed  by  the  fact  that  the  reaction  of  chlorination  of  phenyltri- 
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chlorosilane  (in  the  meta-position)  proceeds  only  poorly,  and  that  this  substance  is 
chlorinated  only  with  difficulty  in  the  absence  of  catalysts. 

The  chlorination  of  phenyltrichlorosilanes  in  the  presence  of  the  usual 
catalysts  proceeds  readily,  and  the  orientation  is  modified  in  this  case,  that  is, 
the  -SiCl^  group  proves  to  be  a  para-  and  ortho-orienting  substituent. 

The  chlorination  of  arylchlorosilanes  is  most  easily  accomplished  under  the 
action  of  elementary  chlorine  at  a  temperature  of  70-120°C  in  the  presence  of 
catalysts:  antimony  trichloride,  or  of  ferric  chloride  (in  an  amount  equal  to  0.55«  of 
the  weight  of  the  arylchlorosilanes),  or  of  antimony  pentachloride  (0.1, t).  Thus,  on 
the  chlorination  of  diphenyldichlorosilane  (Bibl.ll6)  in  the  presence  of  0.1 %  of 
antimony  pentachloride  at  70-SCPC,  the  process  proceeds  with  the  liberation  of  a 
considerable  amount  of  heat.  The  principal  reaction  product  is  di-(trichloronhenyl)- 
dichlorosilane : 

(Ql  !,),SiCI,  +  <>CI..«(CI,C,H,)sSiCI,  +  fil  IU 

By  further  chlorination  at  12C°C,  di(pentachlorophenyla)-dichlorosilane  may  be 
obtained; 


(Ci.Qi^Sia.-i  •iui=<a,c,)isiu,  4  411a 

The  reaction  of  chlorination  of  benzyltrichlorosilanes  may  be  accomplished  by  sulfur- 
yl  chloride  in  the  presence  of  benzoyl  peroxide. 

Cn  the  action  of  halogens  on  tetraaikylsilanes,  without  heating  (chlorine)  or 
with  slight  heating  (bromine),  tetraaikylsilanes  containing  a  halogen  atom  in  the 
radical  are  obtained.  Usually  in  this  case  mixtures  of  haloalkylsilanes  are  formed. 
This  was  shown  by  Friedel  and  Crafts  (Bibl.137)  who  obtained  a  mixture  of  mono-  and 
dichloro-derivatives  of  tetraethylsilanes  by  the  chlorination  of  tetraethylsilane. 
They  established  by  this  example  that  organosilicon  compounds  may  be  chlorinated 
■without  breaking  the  3i-C  bond. 
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As  shown  by  Ushakov  and  Itenberg  (Bibl.ll?)  the  chlorination  of  pro¬ 

ceeds  more  readily  in  the  presence  of  1-25?  of  phosphorus  pentachloride.  Under  these 
conditions,  two  monochlorides  are  formed,  the  a-  and  P-chloroethyldiethylsilanes. 

The  velocity  of  these  reactions  is  also  appreciably  increased  under  ultraviolet 
irradiation  (Bibl.118).  On  the  photochemical  chlorination  of  methylchlorosilanes, 
a  mixture  of  chloromethylchlorosilanes  of  various  degrees  of  chlorination  is  formed. 
(Bibl.119).  The  vapor-phase  chlorination  of  dimethyldichlorosilanes  by  chlorine  has 
been  accomplished,  yielding  mainly  chloromethylmethyldichlorosilane  (Bibl.120). 

It  has  been  found  that  on  the  chlorination  of  alkylsilanes  by  elementary  chlor¬ 
ine,  the  halogen  enters  for  the  most  part  at  an  already  halogenated  carbon  atom,  and 
when  methyl  radicals  are  present,  trichloromethylsilanes  are  mainly  formed. 

A  study  of  the  products  of  the  chlorination  of  trimethylchlorosilane  and  di- 
methyldichlorosilane  has  established  that  the  chloromethyl  group  is  more  readily 
chlorinated  than  an  unsubstituted  methyl  group  (Bibl.121). 

Sulfuryl  chloride,  in  the  presence  of  benzoyl  peroxide,  is  an  excellent  chlor¬ 
inating  agent  in  alky ltrichloro silanes  (Bibl.122).  When  it  is  used,  process  con¬ 
ditions  may  be  selected  so  as  to  obtain,  for  instance,  on  the  chlorination  of  ethyl- 
trichlorosilane,  almost  exclusively  a-chloroethyltrichlorosilane  in  9G£  yield,  while 
when  this  reaction  is  conducted  under  ordinary  conditions,  P -chloroethyltrichloro- 
silane  is  the  principal  product*  It  is  interesting  to  note  that  the  methyl  group  of 
methyltrlchlorosilane  is  not  chlorinated  by  sulfuryl  chloride. 

When  sulfuryl  chloride  is  used  to  chlorinate  alkylchlorosilanes  with  longer 
aliphatic  radicals,  such  as,  for  instance,  propyltrichlorosilane,  a  mixture  of  a , 
p,  Y  -derivatives  is  obtained,  and  it  has  been  found  that  the  replacement  of  the 
hydrogen  atom  by  a  chlorine  atom  at  the  at -carbon  atom  takes  place  with  somewhat 
greater  difficulty  than  at  the  P -carbon  atom;  the  hydrogen  atom  at  the  a -carbon  is 
replaced  by  chlorine  with  still  greater  difficulty,  owing  to  the  proximity  (Bibl.123) 
of  the  -SiClj  group.  The  proportions  of  the  compounds  formed  are  a  :P  :r  “1:3.5 :3.1» 
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On  the  chlorination  of  trialkylchlorosilane  by  sulfuryl  chloride  in  the  presence 
of  benzoyl  peroxide,  their  monochloro-derivatives  nay  be  obtained  in  good  yield: 
thus,  on  the  chlorination  of  (02(15)38^1  a  mixture  containing  a-  and  3  -chloro- 
ethyldiethylchlorosilanes  is  obtained  (Bibl.124). 

The  chlorination  of  the  alkylchlorosilanes  by  the  action  of  sulfuryl  chloride 
in  the  presence  of  benzoyl  peroxide  is  more  convenient  than  with  chlorine,  since  the 
process  can  be  more  easily  controlled.  We  present  a  few  techniques  of  conducting  the 
chlorination  reaction  by  various  methods  (Bibl.125). 

Chlorination  of  Alkylchlorosilanes  by  Chlorine.  1.  In  a  reaction  flask  provided 
with  a  reflux  condenser,  a  mixer,  and  a  tube  for  introducing  chlorine  under  the  liq¬ 
uid  layer,  130  g  (0.87  mol)  of  methyltrichlorosilane  is  placed  (Bibl.126).  The  con¬ 
denser  is  cooled  by  brine  and  is  connected  with  the  atmosphere  through  a  trap  chilled 
by  a  mixture  of  solid  carbon  dioxide  and  acetone.  The  reaction  flask  is  irradiated 
by  a  160  watt  sun-lamp  placed  at  a  distance  of  half  a  meter.  The  chlorine  enters 
from  a  cylinder  through  a  drier  under  the  layer  of  methylchlorosilane,  and  the  HC1  is 
removed  through  the  reflux  condenser  and  the  trap.  The  process  of  chlorination  is 
conducted  at  the  boiling  point  of  the  mixture,  which  gradually  rises  from  66 °C  to 
150°C.  Rectification  of  the  mixture  yields  121  g  of  trichloromethyltrichlorosilane, 
with  the  boiling  point  155-156°C  (710  cm),  in  white  waxy  crystals  with  the  melting 
point  U4-116°C.  The  yield  is  55%  of  the  theoretical. 

2.  In  the  apparatus  of  N.I.Kursanov,  1100  g,  or  8*5  nols,  of  dimethyldichloro- 
silane  are  heated  to  boiling  (7CPC).  When  the  dioethyldichlorosilane  vapor  has  filled 
the  upper  globe  of  the  apparatus,  chlorine  is  supplied  at  a  rate  such  that  the  temp¬ 
erature  in  the  globe  does  not  rise  above  110°C.  The  bubbler  is  closed  by  a  copper 
mesh,  and  the  globe  of  the  apparatus  is  irradiated  by  a  mercury  lamp.  The  reaction 
is  completed  at  the  boiling  point  of  the  products  in  the  lower  part  of  the  apparatus, 
(124°C).  The  yield  is  61%  of  chloromethylmethyldichlorosilane. 

Under  similar  conditions  (Bibl.127)  a  mixture  of  the  following  composition  was 
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obtained 


Yield 

% 

Boiling  Point 

Dimethyldichlorosilane 

25.9 

70.1° 

Methylchloromethyldichlorosilane 

25.7 

121.3° 

Di-( chloromethyl )-dichlorosilane 

107.2-107.8°  (225nra) 

Methyl-(dichloromethyl )-dichlorosilane 

32.5 

100.5°  (150mm) 

Methyl- ( trichloromethyl )-dichlorosilane 

6.4 

109°  (151  ran) 

3.  Into  1065  g  of  trimethylchlorosilane,  under  ultraviolet  irradiation,  dried 
chlorine  is  passed  until  the  weight  increase  of  the  reaction  mixture  reaches  366  g. 
Rectification  of  the  reaction  product  in  a  column  with  20  theoretical  plates,  yields 
the  following  substances: 


Yield 

Boiling, 

% 

°C 

Trimethylchlorosilane  (unreacted) 

18.9 

Dimethylchloromethylchlorosilane 

15.5 

115-115.5 

Dimethyldichloromethylchlorosilane 

20.7 

149.1-149.9 

Methyl -bis ( chloromethyl )chlorosilane 

7.65 

171.1-172.8 

High-Boiling  Products 

7.35 

Such  a  composition  of  the  mixture  argues  for  the  view  that  the  chloronethyl  group  at 
the  silicon  atom  is  chlorinated  more  easily  than  the  methyl  group.  On  chlorination 
of  trimethyl chlorosilane  and  dimethyldichlorosilane,  flashes  are  often  observed, 
which  is  particularly  the  case  on  rapid  feeding  of  the  chlorine  and  ultraviolet 
irradiation. 

Chlorination  of  Alkrlchlorosilanes  by  Sulfurvl  Chloride.  1.  A  solution  of  100  g 
of  trimethylchlorosilane  (Bibl.128),  121  g  of  sulfuryl  chloride,  and  0.5  g  of 
benzoyl  peroxide  in  200  ml  of  chlorobenzene  is  heated  3  hours  under  a  reflux  con- 
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denser.  The  reaction  product  is  dimethylchloromethylchlorosilane  (CH-j  ^(CHjjClJSiCl, 
in  3B%  yield.  If  sulfuryl  chloride,  in  the  same  proportions,  is  introduced  into  a 
heated  mixture  of  trimethylchlorosilane,  chlorobenzene,  and  benzoyl  peroxide,  then 
the  yield  will  amount  to  5 and  an  insignificant  amount  of  dimethyldichlorosilane 
will  be  formed  as  a  by  product. 

2.  A  mixture  of  1300  g  of  ethyltrichlorosilane  and  1070  g  of  sulfuryl  chloride 
(Bibl.129),  is  boiled  in  the  presence  of  benzoyl  peroxide,  forming  a  mixture  of  the 
following  product:  ethyltrichlorosilane,  440  g,  boiling  point  lOC^C  (760  mm); 

a-chloroethyltrichlorosilane,  216  g,  boiling  point  138°C  (734  ran);  and  3-chloro- 
ethyltrichlorosilane,  550  g,  boiling  point  152°C  (734  ran).  In  the  absence  of  an 
organic  peroxide,  sulfuryl  chloride  does  not  chlorinate  ethyltrichlorosilane. 

3.  A  mixture  of  4U  g  (2.7  mol)  of  triethylchlorosilane,  297  g  (2.2.mols)  of 
sulfuryl  chloride,  and  1  g  of  benzoyl  peroxide  (Bibl.79),  is  heated  4  hours  under  a 
reflux  condenser.  The  reaction  product  contains:  triethylchlorosilane,  183  g; 

a-chloroethyldiethylchlorosilane,  99»5  g,  boiling  point  114°C  (110);  and  72.5  g  of 
3 -chloroethyldiethylchlorosilane,  ClCHjjCI^^Hj^SiCl,  boiling  point  132°C  (100  nm). 
The  total  yield  of  monochloro-derivatives  amounts  to  6  <3?. 

4.  Heating  of  a  mixture  of  671  g  of  propyltrichlorosilane  (Bibl.130),  546  g  of 
sulfuryl  chloride,  and  1  g  of  benzoyl  peroxide,  under  a  reflux  condenser  for  12  hours 
yields:  a-chloropropyltrichlorosilane,  78  g;  3 -chloropropyltrichlorosilane,  273  g; 

r-chloropropyltrichlorosilane,  242  g  (molar  ratio  1  :  3.5  :  3.1). 

5.  Heating  of  a  mixture  of  48  g  of  tert-butyltrichlorosilane  (Bibl.120),  36  g 
of  sulfuryl  chloride,  and  0.5  g  of  benzoyl  peroxide  yields  22.6  gof  chlorobutyltri- 
chlorosilane  (yield  40*).  The  product  consists  of  crystals  with  a  melting  point  of 
46-47°C  and  a  boiling  point  of  180°C  (739  ran).  It  has  a  lacrimatory  action. 

6.  A  mixture  of  125  g  of  benzyltrichlorosilane,  54  g  of  sulfuryl  chloride  and 
1  g  of  benzoyl  peroxide,  heated  10  hours,  yields  43  g  of  a-chlorobenzyltrichloro- 
silane  (Bibl.128),  with  boiling  point  243°C  (735  ran](  and  162°C  (75  mm).  Yield  90i&. 
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On  chlorination  of  triethylfluorosilane  by  sulfur  chloride  in  the  presence  of 
benzoyl  peroxide,  a-chj.oroethyldiethylfluorosilane  and  3-chloroethyldiethylfluoro- 
silane  are  obtained.  Cn  titration  of  these  compounds  against  alkali,  all  the  chlorine 
atoms  in  the  a -position  are  unaffected,  while  those  in  the  (3-position  are  almost 
completely  hydrolyzed  (98;*). 

Unsaturated  haloalkylhalosilanes  can  be  easily  prepared  by  reacting  halo-hydro¬ 
carbons  of  the  acetylene  series  with  silanes  containing  a  hydrogen  attached  to  the 
silicon. 

The  synthesis  of  « ,  P  -dichlorovinyltrichlorosilane  has  been  accomplished  by 
the  reaction  between  trichlorosilane  and  dichloroacetylene  (Bibl.131): 

HSiCI,  +  CCI  =  CCl - »  CIHC-CCISiCI, 

The  authors  state  that  this  reaction  is  accelerated  in  the  presence  of  a  per¬ 
oxide,  on  ultraviolet  irradiation  of  the  mixture,  or  on  heating  it  to  high  tempera¬ 
tures  (close  to  the  decomposition  temperature  of  dichloroacetylene). 

Preparation  of  a  .  3 -Dichlorovinyltrichlorosilane  from  Trichlorosilane  and 
Dichloroacetylene.  The  reaction  between  trichlorosilane  and  dichloroacetylene  wa3 
conducted  in  a  round-bottomed  250-mm  flask  filled  to  the  neck  with  tablets  of  chem¬ 
ically  pure  caustic  soda.  The  flask  was  submerged  in  an  oil  bath  heated  to  26CPC, 
and  the  air  was  removed  from  the  flask  by  slow  passage  of  a  stream  of  nitrogen. 

After  about  90  minutes,  dropwise  introduction  of  20  ml  of  trichloroethylene  was  com¬ 
menced  from  a  dropping  funnel  through  a  tube  running  to  the  bottom  of  the  reaction 
flask.  The  dichloroacetylene  so  formed,  contaminated  by  trichloroethylene  and  a 
certain  amount  of  water,  was  collected  in  a  Claisen  flask,  submerged  in  a  cooling 
mixture  of  ice  and  salt.  To  remove  the  water  entering  the  dichloroacetylene,  3  ml 
of  trichlorosilane  was  added  to  it,  and  then  the  dichloroacetylene  was  distilled 
from  the  Claisen  flask  into  a  Carius  tube  (with  an  elongated  neck)  submerged  in  a 
cooling  mixture.  In  order  to  secure  complete  distillation  of  the  dichloroacetylene, 
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the  water  bath  on  which  it  was  distilled  was  gradually  warmed  to  75°C.  After  comple¬ 
tion  of  the  distillation,  the  receiver  was  closed  to  prevent  the  dichloroacetylene 
from  coming  in  contact  with  air, and  was  removed  from  the  distillation  flask.  In 
taking  the  apparatus  apart  there  is  always  a  certain  danger  that  the  residues  of  the 
dichloroacetylene  may  explode,  and  therefore,  after  removing  the  admixtures,  the  dis¬ 
tillation  of  flask  should  be  dried  in  a  stream  of  inert  gas  (preferably  nitrogen). 

To  the  dichloroacetylene  collected  in  the  carius  tube  (together  with  a  certain 
amount  of  contaminations,  it  weighs  7  g),  10  ml  of  trichloro silane,  containing  0.7  ml 
of  a  3Cft  of  acetyl  peroxide  in  dimethyl  phthalate,  is  added.  The  tube  is  sealed  and 
is  then  heated  65  hours  in  a  furnace  at  7CPC.  In  some  cases  the  tubes  explode  on 
heating,  and  they  must  therefore  be  placed  in  protective  shells. 

Distillation  of  the  contents  of  the  tube  yields  A.7  g  (2 8ft)  of  a ,  3 -dichloro- 
vinyltrichlorosilanej  boiling  point  87-92°C  (55  mm);  refractive  index  n^°  »  1.A988. 

In  working  with  dichloroacetylene,  great  caution  must  be  used,  since  it  often 
explodes,  not  only  in  the  presence  of  air,  but  even  in  a  sealed  tube. 

a,  p -dichlorovinyltrichlorosilane  may  also  be  prepared  by  the  reaction  between 
tetrachloroethane  and  trichlorosilane: 

HOCIr— CHQ,  +  HSiCl, - -  2HCI  +  CHC1 -CO-SIO, 

Preparation  of  a.  g-Dichloroviayltrlchlorosllane  by  the  Reaction  Between 
Tetrachloroethane  and  Trichlorosilane.  A  mixture  of  26.5  g  of  tetrachloroethane  and 
26. C  g  of  trichlorosilane  is  passed  through  a  tubular  furnace  at  50C°C  over  a  period 
of  95  minutes.  The  condensate  is  a  dark  mobile  liquid  weighing  35.5  g.  Distillation 
of  the  condensate  from  a  Claisen  flask  gives  3»3  g  of  a,  3 -dichlorovinyltrichloro¬ 
silane,  boiling  point  157-l67°C,  -  1.A928.  The  yield  is  15$  of  theoretical. 

Trichloroethylene,  like  dichloroacetylene,  reacts  with  trichlorosilane  to  form 
dichlorovinyltrichlorosilane.  The  reaction  in  this  case  probably  proceeds  in  two 
stages : 
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«— * 


CHCI-OCI, - -  HCI  +  OCI=CCl 

CCt=GCl  +  HS1CI, - -  CICH-OCISiCl, 


It  is  interesting  to  note  that  when  dichlorovinyltrichlorosilane  is  titrated 
with  alkali,  the  chlorine  atom  in  the  0-position  does  not  undergo  cleavage.  Obvious¬ 
ly  the  presence  of  the  double  bond  reduces  the  mobility  of  the  chlorine  atom  in  the 
P -position. 

Preparation  of  a .  3 -Dichlorovinyltrichlorosilane  by  the  Reaction  Between 
Dichloroacetylene  and  Trichlorosilane.  In  a  tube  furnace  for  elementary  analysis,  a 
glass  tube  with  an  inside  diameter  of  9  mm,  provided  at  one  end  with  a  dropping 
funnel  for  introducing  the  mixture,  and  at  the  other  end  with  a  condenser  and  a  con¬ 
densate  collector,  is  placed.  The  collector,  to  improve  the  cooling,  placed  in  a 
mixture  of  ice  and  salt.  The  tube  is  filled  with  an  inert  filler  for  better  heat 
transfer.  A  mixture  of  35  g  of  dichloroacetylene  and  25  g  of  trichlorosilane,  both 
of  which  must  first  be  distilled,  i3  passed  over  a  period  of  3  hours  through  the 
tube.  The  temperature  during  the  reaction  is  held  at  the  level  of  A9CPC. 

The  50.3  g  of  condensate  collected  had  an  amber  color.  Distillation  of  the  con¬ 
densate  in  a  column  showed  it  to  contain  3A  g  of  a,  3 -dichlorovinyltrichlorosilane, 
boiling  point  157-l68°C,  and  5.3  of  unreacted  trichlorosilane. 

The  hydrogen  chloride  liberated  during  the  process  of  synthesis  and  absorbed  in 
a  trap  filled  with  alkali,  is  titrated  and  is  found  to  amount  to  7.0  g  instead  of  the 
theoretical  6.5  g. 

The  a ,  3 -dichlorovinyltrichlorosilane  is  able  to  add  still  another  molecule  of 
trichlorosilane;  in  so  doing,  hexachloro-l,2-dichloroethylenedisilane  is  formed: 

OCH-COSiCI,  +  HSiCI,  -  >  Cl^iCHCl-CHQSiCt, 

Preparation  of  Hexa-Chloro-1.2-Dichloroethylenedisilane.  A  mixture  of  13  g  of 
trichlorosilane,  6.3  g  of  dichlorovinyltrichlorosilane,  and  0.2  g  of  benzoyl  peroxide 
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is  heated  in  a  sealed  tube  at  7O-80°C  for  65  hours. 

Fractionation  of  the  mixture  gives  3.9  g  (4C$)  of  hexachloro-l,2-dichloro- 
ethylenedisilane;  boiling  point  98-103°C  (k  mm);  refractive  index  n^  ■  1.5158. 

This  compound  is  interesting  because  it  contains  a  chlorine  atom  in  the  3-position 
with  respect  to  one  silicon  atom,  and  a  chlorine  atom  in  the  a -position  with  respect 
to  the  other  silicon  atom.  On  titration  with  alkali  it  can  be  established  that  the 
cleavage  of  seven  chlorine  atoms  takes  place  from  this  product.  The  reaction  with 
alkali  probably  proceeds  as  follows: 

CI,$iCHCICHCISiCI,  +  7NaOH - ‘  Si(OH)4  +  CHCI-CHSi(OH),  -p  7NaCI 

On  reaction  with  methanol,  only  six  chlorine  atoms  react: 

CUSiCHClCHClSiCI,  +  6CH,OH - *  (CH,0),SiCHCICHC!Si(CH,0),  +  6HCI 

On  hydrolysis  of  an  ether  solution  of  hexachloro-l,2-dichloroethylenedisilane, 
products  completely  soluble  in  water  are  formed. 

The  chlorination  of  dichlorovinyltrichlorosilane  yields  tetrachloroethyltri- 
chlorosilane : 


CHCl-CCISiCI,  +  Cl, - *  CHCi^jCIfSiCI, 

Preparation  of  Tetrachloroethyltrichlorosilane.  A  mixture  of  8.5  g  of  dichloro¬ 
vinyltrichlorosilane  and  10.0  g  of  chloroform  is  placed  in  a  pyrex  test  tube  and  sub¬ 
merged  in  ice.  Dry  chlorine  is  passed  into  the  test  tube  until  its  gain  in  weight 
is  1.2  g.  The  liquid  takes  or.  a  yellow  tinge,  and  as  soon  as  the  test  tube  is  taken 
out  of  the  ice  and  placed  in  the  sunlight,  an  energetic  reaction  at  once  begins. 

The  test  tube  is  again  cooled  and  chlorine  is  passed  in  until  1.1  g  of  chlorine  has 
been  absorbed.  The  reaction  is  again  initiated  by  placing  the  test  tube  in  sunlight. 
This  operation  is  once  more  repeated,  this  time  until  the  0.5  g  of  chlorine  has  been 
absorbed  and  when  the  test  tube  is  placed  in  the  sunlight  this  time  the  reaction  is 
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no  longer  as  energetic,  and  the  solution  does  not  change  its  color.  After  standing 
three  days  at  room  temperature,  the  product  loses  its  color  (probably  owing  to  the 
substitution  of  chlorine  for  hydrogen  in  the  chloroform).  The  chloroform  is  distill¬ 
ed  off  and  the  colorless  residue  is  distilled  in  vacuo  from  a  Claisen  flasi  .  The 
principal  fraction  consists  of  tetrachloroethyltrichlorosilane;  boiling  point 
104-106°C  (17  mm),  refractive  index  n^-  =  1.51A9. 

The  titration  of  a,  3 -tetrachloroethyltrichloro silane  ;dth  alkali  leads  to  the 
cleavage  cf  four  chlorine  atoms  in  the  fora  of  sodium  chloride,  and  of  the  organic 
radical  in  the  form  of  trichloroethylene: 

CHCI,CCI,SiC!,  +  4NaOH - CHCI-CCI,  +  Si  (OH),  -t-  4NaC! 

Tetrabromomethyltrichlorosilane  behaves  similarly  on  hydrolysis  in  an  alkaline  medium 

Ey  cautious  hydrolysis  of  an  ether  solution  of  tetrachloroethyltrichlorosilane 
by  water,  a  viscous  polymer  of  the  composition  (CHC^CC^SiO^  ^ )x  may  be  separated; 
when  heated  to  110°G  it  gradually  loses  chlorine. 

Under  the  action  of  alcohols  on  dichlorovinyltrichlorosilane,  the  corresponding 
substituted  esters  are  formed: 

CHCl-CCISiCI,  -  3CH,OH - -  CHCl=-CClSi(OCH,),  +  3HCI 

Physical  Properties 

The  haloalkylhalosilanes  are  liquids  that  can  be  distilled  without  decomposition 
The  haloary lhalosilanes  are  also  mostly  liquids;  pentachlorophenyltrichlorosilane 
and  dibronophenyldichlorosilane,  which  are  separated  in  the  crystalline  form,  are 
exceptions. 

Table  63  gives  the  physical  properties  of  haloalkyl-(haloaryl)-halosilanes. 


F-TS-9191/V 


5l5 


Table  63 


Physical  Properties  of  Haloalkyl-(Haloaryl)-Halosilanes 


«0 


Trichloromethyl trichloro- 
silane 


0(,3-Dichlorovinyltri- 
chlprosi}  me 
p.p-Dichloroyinyltri- 
chlorosil ane 
a  -  CJi  1  oroethy  1 1  r  i - 
chlorosilane 

0-Oiloroetlwl  t  ri - 
chlorosilane 

0,3  Hichloro-a.B-di- 

brompethyl t  r  i  cm  oro- 
silane 

Tetrachloroethyl- 
trichlorosil  ane 
Qiloroallyltri- 
chlorosil  ane 
d-Qiloropropyltri- 
cnlorosxlane 

0-Qiloropropyl  tri- 
chlorosil  ane 

Y-Oiloropropyltri- 

chlorosilane 


4-Qilorophenyl  tri- 
chlorosil  ane 


2, 3-Dichlorophenyltri- 
ch loro si. an? 
4-Mrwnophenyl  tn- 
chlorosilane 

l-’lromo-  5-methoxypheny  1  - 
trichlorosil  ane 
a-Chlorobenzyltrichloro- 
silane 


1, 3, 5-TrichlQropher.;i- 
trichlorosilahe 

Tetrachlorophenyl tri- 
chlorosilane 
Pentachlorophenyl tri- 
chlorosil  ane 


b) 


cci^ici, 

CICH-CCISiU, 

CltC-CHSiCI, 

CHtCHClSiCI, 

CHiCICHtSiCU 

CliBrCCHBrSiCI, 

C*HCI4SiCI, 

CIC,H«SiClj 

CH*CHiCHCISiCI« 

CH*CHCICH*SiClj 

CHsaCHtCHtSiCI, 

CIC,H«SiCI, 

Cl|Cf  HjSiCln 
BrCfHiSiCI, 
(BrC*H*OCHj)SiCl.i 
QH,CHCISiCI, 

CI,C,HtSiCI, 

CltC»HSiCI, 

CI.QSiCI, 


d)  e) 


Pi-(Qiloromethyl)- 


CH*(CHjCI)SiClt 

CH^CHClj)SiCI; 


156-156 
87-92 
(55  mm) 

M.P. 

115-116 

163.5— 164 
(750  mm) 

162.5 —  163 
(750  mm) 

138 

(734  mm) 

152 

(734  mm) 
118-120 
(10  mm) 

104-106 
(17mm  ) 
147-151 
157 

(739  mm) 

162 

(729  mm ) 
178-178,5 
(732  mm) 
165-166 
(721  mm  ) 

105 

( 1 5  mm ) 
85-86 
(7  mm) 
101-102 
(7  mm) 

123 

(15mm ) 
130-140 
(1 3  mm) 

243 

(735  mm) 
162 

(75  mm) 
112—114 
(4  mm) 
117-118 
(6  mm) 
125-126 
(4  mm) 
146-147 
(0  mm) 

M.P. 

59.5 

100.5 
(150  mm) 

109 

(150  mm) 
M.P.  99| 
121,3 


1,56 

IB 

(26**) 


1,4988 

1.4942 


1,5559 

(25) 

1 .5149 
(27) 
1,451 


1,56511  - 


1.6530  - 


1,3498 

1.4543 


i) 


119.120, 
125.126 

119.120. 


131 

131 

122,129 

122,129 

125,128. 

129 

123 

123 

123 

123 

193 

193 

193 

223 

223 

128 

126 

193 

193 

193 

193 

119,120, 

126 

127 


(CICH,)*SiCI, 

CH,(CljC)SiCI, 

_ _ imethvl)- 

dichlorosil  ane 

Methylchloromethyldi- 

'H^CHCWSICI,  |l07.2-,07.6| 

dicnlorosil  ane 

a)  Name;  b)  Formula;  c)  Boiling  point;  d)  Specific  gravity;  e)  Refractive 

index;  f)  Bibliography 
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|  127 
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a) 


..  dichlorosil ane 
Methyl- (p-chloroethyl)  - 

dicmlorosil  ane 

Di-  ( 4-  brompphenyl )  - 
dichlorosil  ane 

Phenyl - ( 4- byomopheny 1 )  - 
dichlorosil  ane 


Dimethylchloroethyl- 
chlorosilane 
Dimethyl di chloro- 

MKftrrtafehyl). 

cnlorpsilane 
Liethylchlproetnyl- 
iluorosilane 
Diethylchloroetbyl- 
bromosil  ane 

Dimethyltrichloro- 
methylchlorosil ane 


b) 

cl 

•c 

d) 

-  1 

f) 

GH,(CH,CHCI)SiCI, 

136 

— 

— 

123 

CH,(CH,CICH,)SiCI, 

157 

— 

- 

123 

(BrC.H.hSiCI, 

239 

(21  mm) 

H.P  60 

— 

215 

C,H0(BrC,H*)SiClt 

199-200 
(14  mm) 

1,5005 

1,60921 

(19*) 

224 

200 

— 

-- 

216 

(CH,),CH,C!SiCI 

(4  mm) 

1 15—115.5 
(762  mm) 

1,0865 

1.4360  ; 

i 

125,127 

128 

(CH3)|CHCItSiCI 

149,1—149,9 

— 

— 

125,127. 

128 

CH,(CH|CI)tSiCI 

171,1-172,8 

— 

125.127 

128 

(C,H,)AH«CISiF 

149—150 

0,9961 

— 

128 

(C,H,)AH«CISiBr 

105-106 
(46  mm) 

1,266 

1.4784 

i 

128 

(CH^jCl^iCl 

172 

— 

1 

125.127 

128 

Chemical  Properties 


It  was  previously  assumed  that  a  halogen  atom  separated  from  the  silicon  atom 
eve/,  by  a  single  cnyper.  atom  behaves  like  an  ordinary  "aliphatic  hale  “on  ato...M.  It 
is  ./ell  l-r.o’.ai,  lor  instance,  that  the  halogen  ir.  )-> 31-02” '.Cl  is  capable  of  being 

saponified  to  form  an  alcohol,  and  under  the  action  o'  potassium  acetate  nay  be  re¬ 
placed  by  an  acetyl  group,  etc.  lecent  studies  somewhat  elaborate  the  question  of 
the  mutual  influence  between  the  atoms  of  halogens  and  silicons.  It  has  been  found, 
or.  more  detailed  study,  that  the  influence  of  the  silicon  atom  eixtends  not  only  to  a 
halogen  atom  in  the  a -position  with  respect  to  silicon,  but  also  to  one  in  the 
P-position.  Thi3  influence  is  manifested  in  the  modification  of  the  mobility  of  the 
halogen  atom.  The  strength  of  the  Si-C  bond  according  to  the  position  of  the  chlor¬ 
ine  atom  with  respect  to  the  silicon  atom  was  investigated  on  the  example  of  the 
a-,  p-  and  y-chloropropyltrichlorosilanes.  It  was  found  that  the  mobility  of  the 
a -halogen  atom  is  approximately  equal  to  its  mobility  ir  the  alkyl,  chlorides.  Thus, 
when  a -chloropropyltrichlorosilane  is  boiled  for  2  hours  with  a  normal  solution  of 
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alcoholic  alkali  (Bibl.80),  almost  complete  cleavage  of  the  chlorine  atom  in  the 
a -position  takes  place: 

CH.CHjCHCISiCIs  -f  4NaOH - >  CH,CH=CHSi(OH),  ■+  4NaCI  -Hs<> 

The  a -halogen  atom  does  not  react  with  an  alcoholic  solution  of  AgNO<j. 

On  treatment  of  a-chloroethyldiethylchlorosilane  with  weak  aqueous  alkali, 
cleavage  of  the  halogen  does  not  occur,  but  <* -chloroethyldiethylhydroxysilane  is 
formed  instead: 


<:ils(;H<:i(C,H,),Si<;i  N.iOH . <  Hs<:HCI(C,H,),SiOH  +  NaCI 

Under  the  action  of  methylmagnesium  bromide  on  ^-chloroethyldiethylchlorosilane 
a -chloroethyldiethylmethylsilane  is  formed.  A  weak  aqueous  solution  of  alkali 
easily  hydrolyzes  p -chloroethylchlorosilano,  with  cleavage  of  the  P-chloroethyl 
group.  y-chloropropyldiethylchlorosilane  occupied  an  intermediate  position,  with 
respect  to  resistance  to  hydrolysis,  between  the  a-  and  P -chloroethyldiethylchloro- 
silane. 

It  has  also  been  found  that  the  addition  of  a  halogen  atom  to  an  aliphatic  radi¬ 
cal  attached  to  a  silicon  atom  in  turn  exerts  an  influence  on  the  behavior  of  the 
silicon  atom  and  of  the  atoms  attached  to  it.  This  is  manifested  particularly  in  the 
fact  that  the  a -haloalkyldialkylsilanols  formed  on  the  hydrolysis  of  « -chloroalkyl- 
dialkylchlorosilanes  are  more  difficultly  converted  into  siloxanes  (Bibl.124).  This 
influence  of  the  halogen  is  more  substantially  expressed  in  the  modification  of  the 
stability  of  the  Si-C  bond  against  the  action  of  alkali.  On  adding  to  the  radical, 
a  halogen  and  certain  other  substituents,  particularly  electrophilic  ones,  make  the 
Si-C  bond  unstable  not  only  to  the  hydrolytic  action  of  an  alkali,  but  even  to  the 
action  of  water.  Such  substituents  include,  besides  halogen,  the  nitro  and  amino 
.rrr.npu  contained  in  phenyl  radicals  (Bibl.132). 

i.if  decree  of  the  influence  of  a  halogen  in  alkyl  radical  on  the  strength  of 
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the  Si-C  bond  depend  on  its  position  with  respect  to  the  silicon  atom.  The  intro¬ 
duction  of  a  halogen  atom  into  an  aliphatic  radical  in  the  p -position  leads  to  a 
sharp  decrease  in  the  stability  of  the  Si-C  bond.  A  halogen  atom  in  the  y -position 
weakens  the  Si-C  bond  to  a  smaller  extent,  and  a  halogen  atom  in  the  a -position  has 
still  less  of  an  effect  in  modifying  the  stability  of  the  Si-C  bond. 

A  halogen  has  an  appreciable  influence  on  the  strength  of  the  Si-C  bond  in 
a  -haloalkylhalosilanes  only  in  the  a -halomethyl  derivatives  (Bibl.133). 

Thus  the  chloromethyl  derivative  silanes,  being  stable  against  the  action  of 
acids,  undergo  quantitative  cleavage  of  a -chlorinated  alkyl  bonds  under  the  action 
of  such  reagents  as  a  strong  solution  of  alkali,  NaCN  solution,  and  even  water  (in 
the  case  of  trichloromethyltrichloroailane),  forming  the  corresponding  hydrolysis 
products.  Thus  the  presence  of  a  chlorine  atom  in  the  methyl  radical  weakens  the 
bond  between  the  silicon  and  the  organic  radical.  In  this  case,  with  increasing  de¬ 
gree  of  chlorination  of  the  radical,  and  accordingly  also  with  increasing  electro¬ 
positivity  of  the  carbon  atom,  the  tendency  of  compounds  to  such  hydrolysis  appreci¬ 
ably  increases.  Thus,  Cl^CSiGl^,  on  hydrolysis  by  water,  is  completely  broken  down 
with  fonnation  of  chloroform  and  silicic  acid.  The  mono chlo rinat ed  methyl  groups 
are  more  firmly  attached  to  the  silicon  atom,  but  they  likewise  undergo  cleavage, 
with  formation  of  methyl  chloride  (when  the  compounds  are  boiled  with  an  alcoholic 
solution  of  alkali). 

The  influence  of  a  halogen  atom  in  the  alkyl  group  in  the  P -position  with  re¬ 
spect  to  the  silicon  atom  on  the  stability  of  the  Si-C  bond  will  be  seen  from  the 
following  examples. 

Titration  of  3-chloroethyltrichlorosilane  (Bibl.50)  with  an  0.5  N  solution  of 
NaOH  in  U<3f>  aqueous  ethanol  leads  to  the  quantitative  cleavage  of  the  alkyl  radical: 

CICHtCHtSiCI,  +  4NaOH - *  CH.-CH,  +  Si(OH)4  +  4N«CI 

Under  the  action  of  an  ether  solution  of  methylmagnesium  bromide  on  P-chloro- 
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ethyltrichloiSosiHane  (Bibl.78),  on  heating  3  hours  over  a  water  bath,  ethylene  and 
tetramethylsiM-isae  in  54#  yield  is  formed: 

CIOijCHjSiCI,  +  4CP^tgBr - »•  CHa=CH2  +  Si(CH,)4  +  4MgCIBr 

When  3-iul:liloroethyltriethylsilane  reacts  with  7*6  mols  of  ethylmagnesium  bromide 
tetraethylsilaiuu  in  50#  yield  is  formed. 

A.D.PetmV'Hhias  shown  that  B-chloroethylalkylsilanes  enter  into  reaction  with 
alkylmagnesiuili  haalides  without  appreciable  cleavage  of  the  halogen  (Bibl.221). 

CautiousOih)®roly8is  of  3-chloroethyltrichlorosilane  by  pouring  an  ether  solu¬ 
tion  of  it,  prepared  from  100  g  of  the  product  and  300  ml  of  ether,  onto  a  mixture  of 
200  g  of  ice  (finnl  500  g  of  water,  with  stirring,  over  the  period  of  1  hour,  followed 
by  distillingtfooffT  the  ether  from  the  hydrolysis  product,  makes  it  possible  to  pre¬ 
serve  the  (3  -i£jihlo»roalkyl  group  at  the  silicon  atom.  The  brittle  polymer  so  obtained 
is  easily  decnjmK^aed  in  the  cold  under  the  action  of  aqueous  alkali: 

(ClC,H4Si0li5)x  +•  *NaOH=*C,H,  +  jcNaCI  +  xH.O  +  (HOSiO|>6), 

When  0-dlthlo-r-opropyltrichlorosilane  reacts  with  AC#  aqueous-alcoholic  alkali, 
cleavage  of  pupppf'Lene  takes  place  (Bibl.22): 

CH,CHClCH,SiCI,  +  4NaOH - »  a.,CH=CH,  +  Si(OH)*  +  4NaCl 

Under  th«*  wbw  conditions,  3 -chloroethyldiethylchlorosilane  and  8-chloroethyl- 
fluorosilane  (jliBibU  .130)  split  off  ethylene: 

-j-  2NaOH - -  CH,«=CH,  +  NaCI  +  NaX  +  (CsH.,)2Si(OH)., 

The  reacts-®  proceeds  to  98#  of  completion. 

A  similar,-!  nsaction  with  1.25  N  aqueous  alkali  proceeds  to  87#  of  completion. 

P-chloro'^yBdiethylchlorosilane  and.  P-chloroethyldiethylfluorosilane  react 
with  methyl  magiUtslUai  bromide  as  follows  (Bibl.S2): 
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CICH3CHtSi(C*Hs)aX  +  2CH,MgBr - »  CH,=CH,  +  (C,H4),Si(CH,),  +  MgCIBr  +  MgBA 

The  yield  of  diethyldimethylsilane  is  respectively  57* 5%  and  59%, 

When  33  g  of  3-chloroethyldiethylchlorosilane  is  added  to  a  mixture  of  150  g  of 
pentane  and  5  g  of  aluminum  chloride,  over  a  period  of  1  hour,  the  following  reaction 
takes  place: 

AIC1, 

CICjH,SiCI(CaH,)i - (C;H1)JSiCl,  +  CH,=-CH, 

Rectification  of  this  mixture  yields  21  g  of  diethyldichlorosilane.  In  the  cor- 
respondong  reaction,  3 -chloroethyldiethylfluorosilane  forms  not  diethylfluorochloro- 
silane,  but  diethyldichlorosilane  in  71%  yield. 

CICHjCHj— Si(CjHs),F  +  AlCI,-(q.H,),SiCl,  +  CH,»CH,  +  AlCljF 

Tert-chlorobutyltrichlorosilane  (Bibl.19)  reacts  with  a  33%  aqueous  solution  of  KOH 
to  form  isobutylene  in  9U%  of  theoretical  yield* 

CH,CI(CH,),C-SiCI,  +  4KOH  -  Cl  Ij-QCH,),  +  Si(OH),  +  4KC1 

When  tert-chlorobutyltrichlorosilane  reacts  with  water,  isobutylene  is  also 
formed  in  26%  of  theoretical  yield: 

The  a,  3 -polychlorosilanes  react  similarly  with  alkali: 

Cl^HCCIfSiCla  -r  4NaOI  1  =  Si(OI  i)«  +  CHCI=CCI2  +  4NaCI 
CJ.SiCHClCI  ICISiClj  +  7NaOH  =  Si(OH),  +  CHCl=CHSi(OH),  +  7NaCI 

It  will  be  clear  from  this  example  how  unstable  is  the  bond  between  the  silicon 
atom  and  the  aliphatic  radical  with  a  chlorine  atom  in  the  3 -position  with  respect 
to  the  silicon.  The  ease  of  cleavage  of  the  radical  is  undoubtedly  due  to  the  fact 
that  the  silicon  atom  is  more  electropositive  than  the  carbon  atom.  The  process  of 
cleavage  of  the  radicals  is  related  to  the  passage  of  electrons  from  the  silicon  atom, 
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and,  for  example,  for  the  case  of  aluminum  chloride,  this  process  probably  takes 
place  according  to  the  following  mechanisms 

i  I 

-Si— CH2CH.CI  -t-  A1CI,  >  — SiCHjCHj-  +  AICI4' 


l 

— Si— <  :h5<:i  i* 

>  <:n..=ait  -r  -Si 

1 

•  si+  Aicr. 

-  ;yj 

1 

A 

The  transition  of  electrons  is  facilitated  owing  to  the  presence  of  such  nucle¬ 
ophilic  groups  as  the  hydroxy  or  amino  groups.  It  is  with  this  that  the  ease  of 
cleavage  of  the  radical  in  the  hydrolysis  of  the  chloroalkylchlorosilane  is  connected, 
as  well  as  the  ease  of  cleavage  of  the  chloroalkylaminosilanes: 

R  R 

I  I 

R— Si— CHjCH^Cl  +  X- - -  XSi-R  +  (CHjCHjCI)- 

I  ! 

R  R 

r  i 

(CHgCH^ar - CH.-CH.  +  CI- 

R  *  R 

XSi-R+CI '  —  -  R^i — Cl  +  (X)- 

I  I 

R  R 

where  X  is  a  hydroxy  or  amino  group.  If  there  are  no  nucleophilic  groups  in  the  re¬ 
action  medium  (for  instance  on  the  decomposition  of  tetra-substituted  silanes  with  a 
chlorine  atom  in  the  3-position),  the  process  proceeds  incomparably  more  slowly, 

I 

and  the  -Si-C  bond  proves  to  be  more  stable. 

I 

Another  interesting  example  is  the  reaction  between  3-chloroethyltrichloro silane 
and  quinoline.  Owing  to  the  inability  of  a  tertiary  base  to  form  a  negative  ion,  the 

I 

-SI— C—  bond  is  preserved,  and  as  a  result  of  the  reaction,  even  at  an  elevated  temp¬ 
erature,  an  alkylhalo silane  with  an  unsaturated  radical  is  formed: 
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CtC,H4SiCI,+  C,H,N - »■  CH,=CH-SiCI, +  C,H,N-HCI 


Interesting  observations  were  made  in  a  comparison  of  the  resistance  of  a  and 
3  -chloroethyltrichlorosilane  to  pyrolysis  and  to  the  action  of  quinoline  (Bibl.l3l). 
The  portions  of  the  chloroethyltrichlorosilane  taken  for  the  reaction  was  110  g  in 
each  case.  The  results  of  the  study  were  as  follows: 


CHjCHClSiCLj 


CH^lCHjSiCLj 


Reaction  with  Quinoline 


Starting  product,  g 

110 

no 

Yield  of  SiCl^,  g 

7.3 

i. 

Yield  of  CH2  -  CHSiClj,  g 

10.8 

38 

Residue  of  starting  product,  g 

16 

9 

Pyrolysis  at  61CPC 

Starting  product,  g 

110 

no 

Yield  of  SiCl4,  g 

6.5 

37 

Yield  of  CH2  -  CHSiClj,  g 

17.5 

16 

Residue  of  starting  product,  g 

11.5 

11 

It  is  clear  from  these  data  that  3 -chloroethyltrichlorosilane  is  a  more  reac¬ 
tive  compound  than  a -chloroethyltrichlorosilane. 

Ethyltrichlorosilane  and  vinyltrichlorosilane  under  similar  conditions  are 
stable;  3,  y -dichloropropyltrimethylsilane  forms  trimethylchlorosilane  and  allyl 
chloride,  while  3-bromopropyltrimethylsilane,  at  temperatures  over  10°C,  forms 
propylene  and  trimethylbromosilane. 

The  behavior  of  a ,  {3 -dichloroethylene  under  the  action  of  a  high  temperature 
and  of  quinoline  have  also  been  studied  in  detail. 

The  results  of  this  work  are  shown  in  the  following  diagram: 
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The  pyrolysis  of  a,  3 -dichloroethyltrlchlorosilane  leads  to  the  formation  of 
hydrogen  chloride,  SiCl^,  and  a  mixture  of  a-  and  3-chlorovinyltrichlorosilanes. 
Vinylchloride  is  not  formed  on  this  reaction.  The  addition  of  bromine  to  a  mixture 
of  chlorovinyltrichlorosilanes  leads  correspondingly  to  a  mixture  of  dibromochloro- 
ethyltrichlorosilanes. 

It  was  shown  earlier  that  if  two  atoms  of  a  halogen  (chlorine  and  bromine)  are 
in  position  2  with  respect  to  the  silicon  atom,  then  in  the  process  of  the  halogena- 
tion,  the  cleavage  of  the  bromine  takes  place  more  readily  than  that  of  the  chlorine. 
When  the  mixture  of  dibromochloroethyltrichlorosilanes  so  obtained  was  treated  with 
bases,  1,1-chlorobromoethylene  was  formed  (and  rapidly  polymerized  under  the  reaction 
conditions),  together  with  l-chloro-2-bromoethylene,  which  did  not  polymerize.  Al¬ 
though  the  above  mentioned  bromochloroethylenes  were  not  liberated  as  individual 
compounds,  but  was  obtained  in  mixtures  of  other  products,  these  data  point  precisely 
to  such  a  mechanism  of  the  process. 

In  contrast  to  pyrolytic  cleavage,  the  treatment  of  dichloroethyltrlchlorosilane 
with  quinoline  leads  to  the  formation  of  SiCl^  and  l-chlorovinyltrichlorosilane.  The 
isomeric  product,  that  is,  2-chlorovinyltrichlorosilane,  was  not  detected,  although 
its  formation  was  to  be  expected  as  well.  The  pyrolysis  of  l-chlorovinyltrichloro¬ 
silane  led  to  the  formation  of  SiCl^,  acetylene,  and,  to  a  certain  extent,  the  start¬ 
ing  material  remained  unchanged.  On  the  cleavage  of  the  organic  radical  by  the 
action  of  aqueous  alkali,  vinyl  chloride  was  formed,  which  was  identified  in  the 
form  of  l,l-chlorobromo-2-broaoethane.  The  position  of  the  chlorine  in  1-chloro- 
vinyltrlchlorosilane  was  determined  by  addition  of  bromine  and  treatment  with  alkali, 
as  a  result  of  which  a  certain  amount  of  1-bromo-l-chloroethylene  was  obtained. 

Pyrolysis  of  l,l-chlorobromo-2-bromoethyltrichlorosilane  gave  a  small  amount  of 
SiCl^,  of  the  original  compound,  and  of  a  halovinyltrichlorosilane  of  unknown  struc¬ 
ture. 

Addition  of  chlorine  to  l-chlorovinyltrichlorosilane  gave  1,1,2-trichloroethyl- 
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trichlorosilane.  Its  structure  was  demonstrated  by  cleavage  of  vinylidine  chloride 
under  the  action  of  alkali*  Pyrolysis  of  1,1,2-trichloroethyltrichlorosilane  at 
6lO°C  led  to  the  formation  of  SiCl^  and  of  symmetrical  dichloroethylene. 

Pyrolysis  of  1,1,2-trichloroethylchlorosilane,  in  a  medium  of  trichloroethylene 
as  diluent,  led  to  the  same  results.  Cleavage  of  HC1  by  the  aid  of  quinoline  also 
led  to  the  formation  of  SiCl^  and  1,1-vinlyidine  chloride,  identified  in  the  form  of 

1 . 1- dichloro-l , 2-d ib romo ethane * 

1,2-dichloroethyltrichlorosilane  may  possibly  also  be  an  intermediate  product 
in  the  reaction  between  trichlorosilane  and  sym-dichloroethylene: 

CICH-CHCI  +  HSiCI.  -----  »  CICH£HCISICI, 

The  heating  of  a  mixture  of  cis-  and  trans-1, 2-dichloroethylenes  with  trichloro¬ 
silane  led  to  the  formation  mainly  of  2-chlo rovinylt ri chloro silane ,  possibly  with  an 
admixture  of  a  small  amount  of  l-chlorovinyltrichlorosilane*  As  a  result  of  the 
addition  of  bromine  to  the  pyrolysis  product  of  the  compound  so  obtained,  1-bromo- 

2.2- chlorobromoethyltrichlorosilane  was  formed,  and  broke  down  under  the  action  of 
alkali  with  the  formation  of  l-chloro-2-brcooethylene.  When  a  mixture  of  vinylidine 
chloride  was  reacted  with  trichlorosilane  at  a  high  temperature,  1-  or  2-chloro- 
vinyltrichlorosilane  in  very  low  yield  was  obtained.  Compounds  containing  unsatu¬ 
rated  and  saturated  radicals  attached  to  the  silicon  atom  were  obtained  by  the 
action  of  the  corresponding  organomagnesium  compounds  on  allyl-  or  vinyltri chloro- 
silane.  Thus,  phenylvinyldichlorosilane,  bensylvinyldichlorosilane,  allylphenyldi- 
chlorosilane,  etc,  were  prepared  (Bibl.60). 

As  already  stated,  the  chlorine  atom  in  the  r -position  also  weakens  the  bond 
between  the  alkyl  radical  and  the  silicon  atom,  but  this  influence  is  considerably 
less  pronounced  than  it  is  in  the  3-chloroalkylchlorosilanes.  Thus,  for  instance, 
the  titration  of  y  -chloropropyltrichlorosilane  with  0.5  N  alcoholic  alkali  leads  to 
the  formation  of  a  hydrolysis  product  that  completely  preserves  the  chloropropyl 
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group,  but  heating  with  alkali  leads  to  the  cleavage  of  cyclopropane: 

/CH, 

CICH,CH|CH»SIC1|  +  4KOH— CHg  •  Si(OH)«  -f  4KCI 

X 

XH, 

Hydrolysis  of  Y-Chloropropyltrichlorosilane.  To  a  solution  of  38  g  of  KOH  in 
100  ml  of  absolute  ether,  2A.6  g  of  y-chloropropyltrichlorosilane  is  gradually  added. 
After  the  addition  has  been  completed,  the  mixture  is  heated  under  a  reflux  condenser 
a  solution  of  28  g  of  dry  KOH  in  150  ml  of  water  is  added  to  it,  and  the  mixture  is 
again  boiled.  During  the  process  of  reaction,  91C  ml  (91?)  of  gaseous  cyclopropane 
is  collected. 

The  unsaturated  alkylchlorosilanes  containing  a  chlorine  atom  in  the  8-position 
are  more  stable  compounds  than  the  corresponding  saturated  compounds  (Bibl.138);  thus 
8,  8-dichlorovinyltrichlorosilane,  on  reacting  with  aqueous  alkali  in  the  cold,  does 
not  split  off  the  organic  radical: 

» 

CI,C— CHSiCI,  4-  3NaOH - CUC-CHSi(OH),  +  3NaCI 

On  reactions  rith  organomagnesium  compounds,  the  Si-C  bond  likewise  rawing 
intact: 


Cl*C«CHSiCI,  +  3CH,MgBr  -  »  Ca,-CHSi(Cr.,),  +  3M*CIBr 

Heating  with  alkali  does  cause  cleavage  of  the  Si-C  bond: 

CI£-CHSiCI,  +  3KOH  +  H.O - >  CI,C=CH,  +  Si{OH)«  +  3KCI 

Hydrolysis  of  Dichlorovinyltrichlorosilane.  To  a  solution  of  300  g  of  caustic 
potash  in  700  ml  of  water,  11U  g  of  dichlorovinyltrichlorosilane  is  added,  the  mix¬ 
ture  is  heated  a  few  minutes,  and  the  dichloroethylene  is  then  distilled  off  with 
steam,  <*,  8-dichlorovinyltrichlorosilane  reacts  similarly. 

The  process  of  cleavage  proceeds  by  a  mechanism  similar  to  that  described  above 
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for  the  saturated  chloroalkylchlorosilanes ;  and  the  attachment  of  a  nucleophilic 
hydroxyl  Ion  plays  a  substantial  role  here  as  well. 

Dichlorovinyltrichlorosilane  reacts  with  ethylmagnesium  bromide  to  form  di- 
chlorovinyltriethylsilane : 

CICH-CCISiCI,  +  3CiH,MgBr - >ClHC=CCISi(CtHa),  +  3MgClBr 

In  this  case  as  well,  the  inertness  of  the  chlorine  atom  at  the  double  bond  manifests 
itself.  It  should  be  remembered  that  under  the  action  of  ethylmagnesium  bromide  and 
(3-chloroethyldichlorosilane,  cleavage  of  the  molecule  takes  place,  liberating  ethyl¬ 
ene: 

C1CH*— CH*SiCI(  -r  4C,H*M«Br - -  Si(QHa)4  +  CH.»CH,  +  4M«CIBr 

Chemical  properties  of  the  polychloromethylsiloxar.es.  To  study  the  behavior  of 
the  chlorinated  polymethylsiloxanes ,  heptamethylchloromethylcyclotetrasiloxane, 
pentamethylchloromethyldisiloxane,  and  tetramethyl-l,2,-bis-dichloromethyldisiloxane 
were  prepared. 

Preparation  of  Chlorinated  Polymethylsiloxanes.  Heptamethylchloromethylcyclo- 
tetrasiloxane  was  prepared  by  direct  chlorination  of  octamethylcyclotetrasiloxane  by 
chlorine  under  ultraviolet  irradiation.  Direct  chlorination  of  hexamethyldi siloxane 
did  -ot  lead  to  a  positive  result.  Instead  of  the  expected  product,  pentamethyl- 
chloromethyldi siloxane,  an  equilibrium  system  was  formed  by  the  reaction: 

(CH,hSiOSi(<:il,),  +  2HCI  *5  HjO  -i-  2(CH,),SiCl 

Pentamethylchloromethyldisiloxane  was  then  prepared  by  cohydrolysis  of  dimethyl- 
chloromethylchlorosilane  with  triaethylchlorosilane. 

Tetramethyl-1 , 2-bi s- (di chloromethyl  )-di siloxane  was  obtained  as  a  result  of  the 
hydrolysis  of  dimethyldichloromethylchlorosilane.  When  these  products  were  boiled 
with  water  or  with  aqueous  dioxane,  they  remained  unchanged.  If  these  products  are 
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boiled  instead  with  a  solution  of  caustic  potash  in  butanol,  hydrolysis  does  take 
place,  with  cleavage  of  methyl  chloride.  A  hydroxyl  group  takes  the  place  of  the 
chloromethyl  group,  and  this  hydroxyl  group  under  the  reaction  conditions,  forms  a 
siloxane  bond.  When  the  cleavage  reaction  is  conducted  with  certain  precautions,  it 
is  possible  to  liberate  from  heptamethylchloromethylcyclotetrasiloxane  a  substance 
with  a  structure  of  two  rings  with  four  silicon  atoms  in  each,  connected  by  a  silox¬ 
ane  bridge. 

The  second  product  formed  under  the  action  of  aqueous  alkali  on  heating,  like¬ 
wise  splits  off  methyl  chloride.  The  third  product  splits  off  methylene  chloride 
only  when  heated  with  an  alcoholic  solution  of  alkali.  Experiments  to  determine  the 
relative  rates  of  hydrolysis  of  the  first  and  third  products  under  the  action  of  a 
10 %  solution  of  caustic  potash  in  a  medium  of  butanol  showed  that  the  first  product 
is  88!?  hydrolyzed  after  15  minutes,  while  the  third  product  is  8Cf?  hydrolyzed.  Even 
such  weak  bases  as  an  alcoholic  solution  of  ammonia  split  off  the  chloromethyl 
groups.  For  instance,  pentamethylchloromethyldisiloxane,  on  standing  with  a  weak 
solution  of  ammonia,  forms  pentamethyldihydroxydisiloxane.  Methylchloride  is  liber¬ 
ated  at  the  same  time.  Or  boiling  pentamethylchloromethyldisiloxane  with  an  alco¬ 
holic  solution  of  sodium  cyanide,  an  insoluble  gel  is  formed. 

The  chlorine  atoms  in  the  organic  radicals  of  the  hexaalkyldisiloxanes  may  be 
replaced  by  various  functional  groups.  When  metallic  magnesium  reacts  with  penta- 
methylchloromethyldisiloxane  in  an  ether  solution,  organomagnesium  compounds  are 
formed,  which  decompose  on  treatment  with  solid  carbon  dioxide  to  form  the  magnesium 
salt  of  acetoxymethylpentamethyldisiloxane,  from  which  the  free  acid  may  be  liberated 
by  acidifying  the  reaction  mixture.  The  product  is  recrystallized  from  pentane  to 
purify  it.-  The  yield  is  85!?  of  theoretical  (Bibl.l3/»): 

CO 

(ClI^SiOSi^H^CHjCl+Ms  -  •  (CH,),SiOSi(CH,),CHsMjtCI ' *  • 

IICI 

•  (C!l,)3SiOS:(CH3),rHj(:OOMgC!  (Cl  l,)*SiOSi(CHa)aCI  I^OOII  +  MgCI, 
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When  pentamethylchloromethyldisiloxane  is  boiled  with  a  small  excess  of  potas¬ 
sium  acetate  in  an  equal  volume  of  glacial  acetic  acid,  acetoxymethylpentamethyldi- 
siloxane  is  formed  (Bibl.135). 


(CHj),S''OSi(CH3),CH;Cl  -fCIIjCOOK - -  KCI  +  (CH^SiOSlfCH^CHtOCOCH, 

At  the  same  time,  as  a  result  of  rearrangement,  hexamethyldisiloxane  and  sym-1,2- 
acetoxymethyltetramethyldisiloxane  are  formed.  The  yield  of  the  main  reaction  pro¬ 
duct  is  50j£.  When  potassium  acetate  and  1,2-chloromethyltetramethyldisiloxane  react 
under  similar  conditions,  1,2-acetoxymethyltetramethyldisiloxane  is  formed  in  almost 
quantitative  yield. 

Hydrolysis  of  Alkyl- f Aryl )-Chloroallanes  and  Haloalkyl-(Haloaryl)-Chlorosilanes 

Under  the  action  of  water  on  alkyl-  or  arylchlorosilanes,  hydrolytic  cleavage 
of  the  chlorine  atoms  takes  place,  with  formation  of  unstable  intermediate  products 
of  hydrolysis;  trialkyl-(aryl)-silanols,  dialkyl- (aryl )-silanediols,  and  alkyl- (aryl 
silanetriols;  in  the  monomeric  form,  trialkylsilanols,  dialkyl-  and  diaryl silane - 
diols,  phenylsilanetriols,  and  dichlorophenylsilanetriol  are  known. 

K»SiC!  +  ll£> - R,SiOH  +  HC1 J 

RtSiClf  +  2H,0 - -  R^i(OH),  +  2HCI 

\  RSiCl*  +  3H.0 - >  RSi(OH),  +  3HCI 


In  the  presence  of  HC1,  hydrolysis  always  leads  to  the  formation  of  condensa¬ 
tion  products:  in  the  first  case,  of  disiloxane,  in  the  second  case,  of  linear  or 
cyclic  polysiloxanes,  and  in  the  third  case,  of  branched  polysiloxanes  (Bibl.133 ). 

The  velocity  of  hydrolysis  of  the  alkylchlorosilanes  is  so  high  that  the  pro¬ 
ducts  of  partial  hydrolysis  and  condensation 


R 

a— ii-o- 


R 

-Si— O- 


si— Cl 
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can  be  prepared  only  when  special  methods  are  used.  The  composition  and  properties 
of  the  polymeric  products  formed  as  a  result  of  hydrolysis  depend  to  a  considerable 
degree  on  the  reaction  conditions,  the  acidity  of  the  medium,  the  presence  of  a  sol¬ 
vent,  its  polarity,  etc.  Thus,  for  instance,  on  the  hydrolysis  of  methyltrichloro- 
silane  by  ice  water  or  steam  in  the  presence  of  a  solvent,  an  infusible  amorphous 
substance  of  the  empirical  composition  (RSi0^f5)n  is  formed.  If  the  hydrolysis  of 
methyltrichlorosilane  is  conducted  by  gradually  pouring  it  into  an  emulsion  of  water 
and  butanol,  with  good  stirring,  a  viscous  resinous  substance  soluble  in  organic 
solvent  is  formed,  and  when  heated  for  a  short  time  at  15CPC  this  substance  loses 
its  fusibility  and  solubility  in  inorganic  solvents.  Such  a  difference  in  the  prop¬ 
erties  of  the  products  formed  as  a  result  of  almost  the  same  chemical  processes  may 
be  explained  by  the  view  that,  on  the  introduction  of  the  methylchlorosilane  into 
the  water-alcohol  emulsion,  three  processes,  competing  among  themselves,  take  place 
simultaneously  in  the  system  water-methyltrichlorosilanebutanol,  and  that  the  veloc¬ 
ities  of  these  reactions  differ  substantially  from  each  other  (Bibl.139): 


<  :H»SiCN  +  :«H,o  •  CH^i(OH),  +  3HCI 

I  Co*<Uw». 

' - -•*  (CH«SiO|  j)n 

CH,SiCI,  +  JUH.OH - -  CH,Si(OC«Ht),  +  3H Cl 

( IHjSifOC.H,),  +  3H*0  — *  CH,Si(OH),  +  3QH.OH 

' - —^t - *  (CH,SiOlti>„ 


' - — — - -  (CHjSiO,^* 

While  the  velocities  of  the  first  two  reactions  are  close  together,  the  third 
reaction  proceeds  considerably  more  slowly.  As  a  result,  this  process  proceeds 
according  to  the  following  mechanism: 


CH*SiU,  -r  2H,0  +  QH.OH  -  -  CH,Si-OH  j  +  *HU 

i.  Njc,h,| 

CH,  "  CH,  CH, 

/ i  1  L 

CH*Si-OH  >  HO— Si—  —  <)— Si—  - — O-Si— OH 

OQH,  ic«H,:  OC4H,- 2  (Sc.H, 


The  number  of  butoxy  groups  in  the  polymer  is  determined  by  the  ratio  between 
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the  amounts  of  methyltrichlorosilane,  water  and  butanol  taken  into  the  reaction.  In 
practice,  their  content  in  the  polymer  ranges  from  0.1  to  0.3  to  each  sili  on  atom. 
Their  fundamental  significance,  however,  consists  in  the  fact  that,  by  blocking  some 
of  the  points  where  hydroxyl  groups  can  be  formed,  the  butoxy  groups  hinder  the  pos¬ 
sible  growth  of  the  molecule  in  the  transverse  direction. 

Similar  phenomena  take  place  in  the  hydrolysis  of  methyltrichlorosilane  by  an 
aqueous  solution  of  alkali  taken  in  excess  (for  instance,  U  mols  per  mol  of  ethyl- 
trichlorosilane).  In  this  reaction,  the  sodium  atoms  act  as  the  blocking  factors, 
forming  silanolate  groups  in  the  polymer,  which  prevent  the  growth  of  the  molecules 
in  the  transverse  direction. 


CH, 
HO— li  — 
<!>Na 


CH,  - 
I 

-O— Si- 
I 

ONa  - 


n-S 


Ai 


Na 


The  influence  of  the  polarity  of  the  solvent  on  the  process  of  hydrolysis  of 

alkylhalosilanes  has  been  investigated  only  in  the  general  font.  On  the  hydrolysis 

of  alkyltrihalosilanes  by  water  in  the  absence  of  active  solvents,  ether,  dioxane, 

» 

or  alcohols,  infusible  and  insoluble  polymeric  products  are  formed  in  the  shape  of 
amorphous  precipitates.  The  presence  of  inert  solvents,  benzene,  toluene,  etc,  has 
no  effect  on  the  properties  of  the  product  obtained.  Since  the  primary  product  of 
hydrolysis,  the  alkyl silanetriols,  are  substances  readily  soluble  in  water,  alcohols, 
and  ethers,  the  process  of  condensation  of  the  monomeric  molecules,  in  the  absence 
of  active  solvents,  proceeds  at  high  velocity  in  the  aqueous  phase,  and  the  polymer 
so  formed  is  thrown  down  as  a  precipitate. 

In  the  presence  of  active  organic  solvents,  which  dissolve  both  monomeric  and 
polymeric  products,  the  condensation  takes  place  in  the  organic  layer,  in  a  homo¬ 
geneous  medium,  which  excludes  the  possibility  of  precipitation.  For  practical 
purposes,  mixtures  of  active  solvents,  alcohols  or  ether,  with  inactive  aromatic 
hydrocarbons,  are  used  in  the  hydrolysis  of  alkyltrihalosilanes.  The  properties  of 
the  polymers  also  depends  on  the  functionality  of  the  system  causing  the  condensation. 
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The  resins  forr.ed  on  the  hydrolysis  and  condensation  of  alkyl-  or  aryltrichloro- 
silar.es  are  of  the  structure  (p,‘bl.l/j,0,  141): 

R  R 

I  I 

O-Si— O— Si— o- 

I  I 

0  o 

I  I 

The  presence  of  oxygen  bridges  between  the  chains  is  responsible  for  the  form¬ 
ation  of  infusible,  insoluble  polymers  by  even  a  brief  thermal  treatment. 

VJith  increasing  number  of  organic  radicals  per  silicon  atom,  the  capability  of 
the  polymers  to  pass  into  the  infusible  and  insoluble  state  is  lessened:  on  conden¬ 
sation  of  bifunctional  molecules,  only  linear  or  cyclic  polymers  are  formed.  On  the 
hydrolysis  and  condensation  of  monofunctional  molecules  of  the  type  R^SiCl,  dimers 
are  formed,  low-molecular  compounds  of  the  type  R^SiCSiR^.  In  themselves,  these 
products  are  not  of  great  interest,  but  the  reaction  of  cohydrolysi3  and  cocondensa¬ 
tion  of  bifunctional  or  trifunctional  molecules  with  monofunctional  ones  make  it 
possible  to  obtain  polymers  with  a  different  and  predetermined  chain  length,  depend¬ 
ing  on  the  molecular  ratios  of  the  component  taken  into  the  reaction.  On  cohydroly¬ 
sis  and  cocondensation  between  phenyltrichlorosilane  and  a  dialkyldichlorosilane, 
resin3  are  formed  which  have  a  higher  elasticity  than  the  resin  formed  on  the  hydroly¬ 
sis  and  condensation  of  phenyltrichlorosilane  alone.  An  investigation  of  the 
structure  of  these  resins  shows  that  the  number  of  cross-linking  bonds  between  the 
polymer  chains  in  the  former  case  is  smaller  than  in  the  latter  case.  It  is  this 
circumstance  that  leads  to  the  increased  elasticity  of  the  resins.  The  structure  of 
the  resins  obtained  by  cohydrolysis  and  cocondensation  may  be  schematically  expressed 
as  follows: 

R  R' 

— o-ii— o  -si— o— 

i  R' 

I 

A  special  classification  must  be  reserved  for  the  resins  whose  molecular  chains 
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are  built  up  of  alternating  siloxane  and  hydrocarbon  units,  as,  for  instance. 

R  R  K 

I  I  I 

— o— Si— c:H — Si—  O— Si— CH-- 
I  I  I 

R  R  R 

Such  polymers  have  not  yet  been  well  studied,  but  their  structure  allows  us  to 
expect  them  to  combine  the  properties  of  organic  and  organopolysiloxane  resins. 

The  velocity  of  the  condensation  reaction  depends  on  the  concentration  of  the 
hydroxyl  groups  in  the  condensing  system,  on  the  temperature,  and  on  the  character 
and  number  of  the  organic  radicals  attached  to  the  silicon  atom.  Thus,  for  instance, 
monomeric  orthosilicic  acid  is  known  only  at  temperatures  below  -2CPC,  while  for  the 
complete  conversion  of  orthosilicic  acid  to  the  condensed  state,  (SiC^n,  prolonged 
heating  at  UOCPC  is  necessary.  Similarly,  the  initial  stage  of  condensation  of 
organosilicon  monomers  proceeds  so  rapidly  that  only  C^H^Si(OH)^  and  CLjC^HjSilHO)^ 
are  liberated  from  compounds  of  the  type  RSi(OH)^  (Bibl.l9A).  As  in  the  case  of 
orthosilicic  acid,  it  is  very  difficult  to  remove  the  last  hydroxyl  groups  from 
polymers  with  a  rather  long  chain,  and  the  use  of  energetic  dehydrating  agents,  such 
as  sulfuric  acid,  esters  of  boric  acid,  etc,  is  required  for  this  purpose.  Compounds 
of  the  type  ItjSiOH  are  considerably  more  stable  and  may  be  distilled  under  atmos¬ 
pheric  pressure  without  any  signs  of  condensation. 

The  size  of  the  organic  radical  attached  to  the  silicon  atom  also  exerts  a  sub¬ 
stantial  influence  on  the  velocity  of  the  process  of  hydrolysis  and  condensation. 

As  a  rule,  the  velocity  of  the  condensation  reaction  decreases  with  increasing  mole¬ 
cular  weight  of  the  organic  radical.  At  the  same  time,  owing  to  the  enlargement  of  ' 
the  organic  part,  the  heat  resistance  of  the  polymer  is  somewhat  lowered.  The  poly¬ 
phenyl  siloxane  resins  are  an  exception  to  this  rule,  being  distinguished  by  high 
thermal  stability  and  resistance  to  oxidation  by  the  oxygen  of  the  air  at  elevated 
temperatures. 
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Hydrolysis  of  Monofunctional  Compounds 


Monofunctional  compounds  of  the  type  R^SiX,  as  stated  above,  have  no  independ¬ 
ent  practical  importance  for  the  preparation  of  organosilicon  polymers,  but  are  used 
to  form  polymers  of  a  definite  structure  and  composition  by  their  cocondensation 
with  di-,  tri-,  and  tetra-functional  compounds. 

The  trialkylhalo silanes  are  readily  hydrolyzed  by  water,  forming  hexaalkyldi- 
siloxanes.  The  trialkylfluorosilanes  are  considerably  more  stable,  and  are  hydrolyz¬ 
ed  more  slowly  than  other  halo-derivatives  (Bibl.142,  143).  The  first  representative 
of  the  class  of  hexaalkyldisiloxanes,  hexamethyldisiloxane,  is  formed  on  hydrolysis 
of  trimethylchlorosilane  in  an  acid  medium  (Bibl.144,  145,  146): 

2(CH,),SiCl  +  H,0  -►  (CH,)»SiOSi(CH,),  +  2HCI 

Hexamethyldisiloxane  is  a  liquid  of  boiling  point  lOCPC,  partially  soluble  in 
water.  The  siloxane  bond  in  the  hexaalkyldisiloxanes  is  weakened  in  some  degree  by 
the  presence  of  three  organic  radicals  attached  to  the  silicon  atom.  The  reverse 
transition  from  hexamethyldisiloxane  to  such  trimethylhalosilanes  as  (CH^)^SiF  and 
(CH-j  )^3iGl  may  be  accomplished  by  the  action  of  anhydrous  hydrogen  halides  in  the 
presence  of  concentrated  sulfuric  acid.  Ammonium  fluoride  or  chloride  or  the  cor¬ 
responding  sodium  salts,  which  liberate  the  hydrogen  halide  on  reaction  with  sulfuric 
acid,  are  usually  used  in  practice  for  this  purpose  (Bibl.36,  137,  139). 

Preparation  of  Trimethylfluorosilane  from  Hexamethyldisiloxane.  To  196  g  of 
strong  sulfuric  acid  81  g  of  hexamethyldisiloxane  is  added  with  stirring  and  ice 
cooling.  Then  the  reaction  mixture  is  slightly  warmed  on  the  water  bath  and  48.1  g 
of  asmonium  chloride  is  gradually  added.  The  trimethylfluorosilane  liberated  is 
caught  by  ether  (Bibl.146). 

Preparation  of  Trimethylchlorosilane  from  Hexamethyldisiloxane.  To  a  mixture 
of  324  g  hexamethyldisiloxane  and  1000  g  of  concentrated  sulfuric  acid,  321  g  of 
dry  finely  ground  ammonium  chloride  is  gradually  added  over  a  period  of  3  hours, 
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at  0°C.  After  all  the  NH^Cl  has  been  added,  the  upper  layer  is  removed  as  rapidly 
as  possible  and  fractionated.  The  yield  of  trimethylchlorosilane  is  85%  of  the 
theoretical. 

HBr  is  a  weaker  halogenating  agent,  and  in  addition  is  slightly  oxidized  under 
the  action  of  concentrated  sulfuric  acid.  It  is  therefore  advisable  to  effect  the 
reverse  transition  from  hexamethyldisiloxane  to  trimethylbromosilane  under  the  action 
of  phosphorus  tribromide  instead  (Bibl.147). 

Preparation  of  Trimethylbromosilane  from  Heyamat-^vldisiloxane.  In  a  hermetic¬ 
ally  sealed  vessel  163  g  of  hexamethyldisiloxane,  459  g  of  phosphorus  tribromide, 
and  1  g  of  ferric  chloride  are  mixed.  The  mixture  is  allowed  to  stand  for  20  hours, 
and  is  then  fractionated.  The  trimethylbromosilane  passes  over  at  79.9°C  (754  mm). 
The  yield  is  73%  of  theoretical. 

Hexaethyldisiloxane  is  formed  on  hydrolysis  of  triethylhalosilanes  (Bibl.148, 
149),  in  the  presence  of  the  acid  formed  during  the  reaction: 

2(C,H,),SiCI  +  H*0  - *•  (C,H.)1SiOSi(C,Hf),+  2HCI 

Hexaethyldisiloxane  is  a  mobile  liquid,  boiling  point  233°C,  insoluble  in  water, 
which  readily  reacts  with  HC1  to  form  triethylchlorosilane : 

(C,H4),SiOSi{C,Hj),  +  H,SO«  +  2NH.C1 - >  2(C»H,)JSiCI  +  (NH4),SO«  +  H<0 

Preparation  of  Triethylchlorosilane  from  Hexaethyldisiloxane.  To  275  ml  of  cold 
concentrated  sulfuric  acid,  265  g  of  hexaethyldisiloxane  is  added.  Then  175  g  of 
amnonium  chloride  is  added  over  a  period  of  2  hours,  with  stirring,  bo  the  mixture 
so  obtained.  The  mixture  is  stirred  for  another  hour;  then  the  upper  layer  is  sep¬ 
arated  from  the  sulfuric  acid  and  fractionated.  The  triethylchlorosilane  passes 
over  at  144°C  (735  mm).  The  yield  is  86%  of  theoretical  (Bibl.149)* 

The  reaction  of  hydrolysis  of  trialkylhalosilanes  takes  place  with  the  formation 
of  trialkylsilanols,  at  first,  and  then  of  hexaalkyldisiloxanes : 


F-T3-9191/V 


535 


2R,SiX  ^  2R,SiOH  ^  R,SiOSiR, 


Depending  on  the  character  of  the  organic  radical,  and  also  on  reaction  con- 
ditions-the  acidity  of  the  medium,  the  temperature,  the  concentration  of  by  products 
'.he  equilibrium  may  be  shifted  toward  either  side. 

Triethylchlorosilanes,  in  contrast  to  trimethylchlorosilanes,  is  not  hydrolyzed 
under  the  action  of  fuming  HC1.  On  hydrolysis  of  trialkylhalosilanes  in  a  neutral 
or  alkaline  medium  under  proper  conditions  (low  temperature,  presence  of  a  solvent), 
an  appreciable  quantity  of  trialkylsilanols  is  formed,  whose  yield  rises  with  in¬ 
creasing  size  of  the  organic  radical  attached  to  the  silicon  atom. 

On  the  hydrolysis  of  trimethylchlorosilane  by  an  aqueous  solution  of  ammonia, 
hexamethyldisiloxane  is  the  principal  product.  Tripropylbromosilane  (Bibl. 150,151), 
under  these  conditions  forms  a  mixture  of  tripropylsilanol  and  hexapropyldisiloxane, 
while  the  principal  reaction  products  in  the  hydrolysis  of  tributylchlorosilane  or 
triisoamylbromosilane  are  the  corresponding  trialkylsilanols  (Bibl. 152,  153). 

Tricyclohexylchlorosilane,  (C^H^  )-jSiCl,  in  contrast  to  the  other  trialkylchloro- 
silanes,  is  not  hydrolyzed  by  water  or  dilute  HC1.  Its  hydrolysis  may  be  accomplish- 
3d  by  the  action  of  a  boiling  alcoholic  solution  of  caustic  potash.  The  only  product 
of  the  reaction  will  be  tricyclohexylsilanol,  and  no  disiloxane  will  be  formed. 

The  low  reactivity  of  tricyclohexylchlorosilane  is  probably  due  to  steric  hind¬ 
rance  due  to  the  presence  of  three  cyclohexyl  groups  attached  to  a  single  silicon 
atom  (Bibl. 154).  Mixed  trialkyl-(aryl)-halosilanes  containing  aromatic  radicals,  on 
hydrolysis  in  an  acid  medium,  form  silanols,  which  spontaneously  undergo  condensation 
on  standing,  and  also  under  the  action  of  dehydrating  agents  or  of  strong  acids  (HC1 
dissolved  in  glacial  acetic  acid,  HNO^,  P2^5»  ZnCl2*  CH^COCl  etc)  (Bibl. 155 )•  The 
velocity  of  hydrolysis  of  triarylhalosilanes  depend  on  the  concentration  of  hydroxyl 
ions.  The  hydrolysis  of  -triphenylfluorosilane  by  a  5035  solution  of  water  in  acetone 
proceeds  in  an  alkaline  medium  approximately  ic£  times  as  fast  as  in  an  acid  medium 
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(Bibl.156).  These  data  allow  us  to  postulate  that  the  process  of  hydrolysis  of  tri- 
phenylfluorosilane  is  connected  with  the  formation  of  a  complex  containing  a  penta- 
covalent  silicon  atom: 


R 

>  r  T  hi 

i 

R 

The  siloxane  bond  in  hexaaryldisiloxane  is  easily  disrupted  under  the  action  of  boil¬ 
ing  alcoholic  solutions  of  caustic  potash,  forming  triarylsilanolates,  which  on 
acidification  form  silanols,  which  then  undergo  condensation  of  disiloxanes: 

(CtH,),SiOSi(C,Hi)l  +  2KOH - »  2(C,H,),SiOK  +  H»u 

2(C,H»),SiOK  +  2HCI - >  2KC1  -r  2(C„H,),SiOI  I - *  (C,H,),SiOSi(C,H,j,  +  M/  - 

Hexaalkyldisiloxanes  are  liquids,  hexaaryldisiloxanes  are  crystalline  substances 
readily  soluble  in  organic  solvents.  The  hexaalkyldisiloxanes  are  stable  at  high 
temperatures,  and  can  be  distilled  under  atmospheric  pressure  without  decomposition. 
They  are  also  stable  against  the  action  of  alkalies,  but  when  heated  with  an  aqueous 
solution  of  NaOH  under  pressure,  they  are  decomposed  with  the  formation  of  methane 
and  sodium  silicate. 

(Cl  Ij)jSiOSi(CHj).!  +  4NaUH  r  11*0  —  >  2Na,SiO,  -f  6CH. 

Preparation  of  Sodium  Silicate.  In  500  ml  of  a  solution  of  NaOH,  0.5  mol  of 
hexamethyldisiloxane  is  dissolved.  The  solution  so  prepared  is  heated  in  an  auto¬ 
clave  at  20CPC.  The  yield  of  methane  is  76%  of  theoretical. 

When  hexaalkyldisiloxanes  are  dissolved  in  concentrated  sulfuric  acid,  the 
siloxane  bond  is  broken  and  an  ester  of  sulfuric  acid  is  formed:  hexaalkylsulfonodi- 
oxydisilane: 


it.  | 

;U  Si -I 
H'  /' 

R  R 


(C,H,)^iOSi(C,H,),  +  H,SO, - >  HlO+(CtH,)^iOSO<OSi(CtH,), 
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Preparation  of  Hexaalkylsulfonodioxydisilane.  A  mixture  of  99  g  of  hexaethyl- 
disiloxane  and  56  g  of  20%  oleum  is  stirred  at  room  temperature  for  30  minutes.  Then 
LG  g  of  ammonium  sulfate  is  added  to  the  mixture,  and  it  i  s  again  stirred  at  room 
temperature  for  2  hours.  The  hexaethylsulfonodioxysilane  is  extracted  by  pentane 
from  the  reaction  mass,  the  pentane  is  distilled  off,  and  the  residue  is  distilled 
under  reduced  pressure.  The  hexaethylsulfonodioxysilane  has  a  boiling  point  of 
17CPC  (12  mm).  It  is  partially  decomposed  on  distillation  (Bibl.lA2). 

It  was  thought  at  first  that  this  reaction  leads  at  once  to  the  formation  of 
neutral  esters  of  sulfuric  acid.  Later  investigations,  however,  showed  that  the 
principal  reaction  product  is  trimethylsilane  sulfate: 

(CH,),SiOSi(CH,),  +  3H«S04  -  2(CH,),SiOSO,OH  +  H,0+  +  (HSO,)- 


Together  with  the  trimethylsilane  sulfate  a  small  amount  of  hexamethylsulfono- 
dioxydisilane  is  also  formed,  and  is  extracted  by  pentane  from  the  reaction  mass. 

Owing  to  the  removal  of  this  substance  by  pentane,  the  equilibrium  state  is  always 
being  shifted  toward  the  side  of  its  formation,  and  thus  the  trimethylsulfonosilane 
gradually  passes  over  into  hexamethylsulfonodioxydisilane  (Bibl.157). 

Hexaalkyldisiloxanes  containing  functional  groups  in  the  organic  radicals  may 
be  prepared  by  hydrolysis  of  the  corresponding  trialkylchlorosilanes.  On  the  co¬ 
hydrolysis  of  dimethylchloromethylchlorosilane  and  trimethylchlorosilane,  pentamethyl- 
chloromethyldisiloxane  is  formed  (Bibl.158): 

CH,  CH, 

iCH,),SiOI  +  (CHihCHtCISiCI  -t-  HgO  -  CH,-ii-0— ^i_CH,  +  2HCI 

ch,  £h,ci 

Preparation  of  Pentamethylchloromethyldisiloxane.  A  mixture  of  0.79  mol  of 
dimethylchloromethylchlorosilane  and  0.79  mol  of  trimethylchlorosilane  is  gradually 
added  to  500  ml  of  water.  The  oil  liberated  is  separated  from  the  water  layer, 
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dried  over  anhydrous  sodium  carbonate,  and  fractionated.  The  pentamethylchloro- 
methyldisiloxane  passes  over  at  151. 6-151. 8°C. 

In  this  reaction  hexamethyldisiloxane  and  l,2-bis(chloromethyl)-tetramethyldi- 
siloxane  are  simultaneously  formed: 

2(CH,)»SiCI  +  H,0 - »■  (CHt)»SiOSi(CHt),  +  2HCI 

2(CH,)*CH,CISiCt  +  H.0 - -  (CH,),CH£lSiOSiCH»Cl(CH,),  +  2HCI 

l,2-bis-(chloromethyl)-tetramethyldisiloxane  (Bibl,  16C,  l6l)  distills  at  204- 
204. 5°C. 

It  is  interesting  to  note  that  this  compound  cannot  be  obtained  by  direct 
chlorination  of  hexamethyldisiloxane,  since  the  ’!C1  liberated  as  a  result  of  the 
chlorination  forms  an  equilibrium  system  with  the  heicamethyliisiioxaue  (fibl.151): 

(CH,),SiOSi(CH,),  4-  2HCI  Hrf)  +  2(CH,),SiC1 


The  chlorinated  derivatives  of  hexamethyldisiloxane  easily  split  off  Diethyl  chloride 
when  heated  with  an  alcoholic  solution  cf  alkali.  Ihren  so  we ah  a  bass  as  a  LC* 
solution  of  petacsium  carbonate  in  butanol,  after  >1  minutes  boiling  \/ith  the  cor¬ 
responding  chlorinated  derivatives,  causes  cleavage  cf  ?C-9C*  of  their  chlcromethyl 
groups. 


(CH,)*SiOSi (CH|)gCH£l  +  H,0 - (CH,),SiOSi(CH,),OH  4  CH,CI 

(ai,),(CHCIt)SlOSi(CH.)i{CHCIl)  +  2H|Q - -  HCKCH.hSiQSUCH.^H  +  2CH.U, 


The  hydroxysiloxanes  so  formed  undergo  condensation  under  the  conditions  cr  the  re¬ 
action,  thus  forming  polymeric  products. 

Hydrolysis  of  Bifur.ctional  Compounds 

In  the  hydrolysis  of  dialkyldichlorosilanes,  the  initial  reaction  products  are 
dialkylsilanediols . 

The  process  of  condensation  of  the  initial  hydrolysis  products  into  polymeric 
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compounds  still  remains  incompletely  studied. 

According  to  my  own  researches,  the  hydrolysis  and  condensation  of  the  alkyl- 
substituted  esters  of  orthosilicic  acid,  as  well  as  of  alkyl-  and  arylchlorosilane3 
(Bibl.139)  with  insufficient  water,  in  a  neutral  medium,  proceeds  along  the  type  of 
a  reaction  of  stepwise  condensation.  In  an  excess  of  water,  and  in  an  acid  medium, 
however  (as  shown  by  recent  investigations),  the  process  of  formation  of  polyorgano- 
siloxanes  may  take  place  not  only  according  to  the  pattern  of  the  condensation  re¬ 
action,  but  also  according  to  the  pattern  of  polymerization  reactions.  This  hypoth¬ 
esis  is  based  on  the  results  of  a  study  of  the  processes  of  formation  of  polydi- 
methylsiloxane  elastomers  from  dimethyldichlorosilane.  In  these  studies,  I,  in  col¬ 
laboration  with  K  .h  .ookolov, succeeded,  by  mass-spectrometric  analysis,  in  establish¬ 
ing  the  existence  of  a  substance  (Bibl.lAO)  which  i3  formed  in  considerable  amounts 
both  on  formation  and  degradation  of  the  polymers,  namely  dimethylsilicone: 


CH,X 

CH,/ 


Si-0 


Consequently,  polyorganosiloxanes  in  acid  media  may  be  formed  not  only  as  a  result 
of  stepwise  condensation,  but  simultaneously  as  a  result  of  the  polymerization  of 
the  alkylsilicone  molecules  that  are  formed.  The  predominance  of  one  reaction  or 
the  other  in  the  preparation  of  polyorganosiloxanes  depends  on  the  reagents  taken  in 
the  reaction,  and  on  the  process  conditions.  The  polymerization  reaction  probably 
predominates  with  the  dialkylsilanediols,  while  the  reaction  of  polymerization  into 
rings  and  their  condensation  is  probably  dominant  with  the  alkyl-  and  arylsilane- 
triols. 

Since  the  molecules  of  the  dialkylsilanediols  and  dialkylsilicones  have  two  re¬ 
active  centers,  the  process  of  condensation  and  polymerization  may  proceed  in  two 
directions,  with  the  formation  of  linear  (I)  or  cyclic  (II)  polymeric  compounds 
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The  ease  of  formation  of  cyclic  compounds  on  condensation  of  the  products  of  the  di- 
alkyldichlcrosilanes  is  a  characteristic  feature  of  these  compounds.  ,Vhile  in  or¬ 
ganic  chemistry,  the  five-  and  six-  membered  carbon  rings  are  the  most  stable,  in  a 
number  of  organosilicon  cyclic  polymers,  the  eight-  membered  ring  is  apparently  the 
most  stable. 
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in  the  six-merabered  ring 
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there  are  apparently  considerable  stresses.  This  is  confirmed  by  the  fact  that  under 
the  same  reaction  conditions  the  yield  of  polydimethylsiloxanes  with  six-menbered 
rings  is  always  lower  than  with  eight-merabered  rings. 

A  large  number  of  papers  have  been  devoted  to  the  formation  of  the  carbon  rings 
(Bibl.162).  The  original  researches  in  this  field  led  to  the  erroneous  assertion 
that  only  five-  and  six-merabered  rin^s  could  exist.  Subsequent  research  showed  the 
possibility  of  obtaining  rings  with  15-20  carbon  atoms  in  the  ring. 

Carothers  and  Hill  (Bibl.163),  studying  the  process  of  formation  of  cyclic  poly¬ 
esters  from  dicarboxylic  acids  and  dihydric  alcohols,  came  to  the  conclusion  that  the 
introduction  of  an  oxygen  atom  into  a  carbon  ring  is  a  means  of  reducing  the  stresses 
in  a  cyclic  compound . 
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The  experience  that  has  accumulated  in  investigating  the  processes  of  formation 
of  the  carbon  ring  can  be  utilized  in  studying  the  chemistry  of  the  cyclic  organo- 
silicon  compounds.  It  should  at  the  same  time  be  noted  that  the  theory  of  stresses 
is  applicable  only  to  planar  rings,  such  as,  for  example,  the  ring  of  benzene  or  of 
hexamethylcyclotrisiloxane.  The  data  obtained  by  X-ray  diffraction  studies  of  the 
polysiloxanes  show  that  the  sixteen-raembered  ring  of  the  octamer  [  (CH-j  J^iOjg  is  not 
of  planar  structure  (Bibl,l64).  It  must  be  concluded  from  this  that  the  geometrically 
calculated  value  of  the  valence  angle  in  the  ring  is  not  the  only  factor  determining 
the  ease  or  difficulty  of  ring  closure. 

A  paper  by  A.Ye.Favorskiy  (Bibl.l65)  devoted  to  the  reversibility  of  the  pro¬ 
cesses  of  isomerization,  is  very  interesting.  In  this  work  the  author  considers  the 
process  of  formation  of  cyclic  compounds  from  the  point  of  view  of  chemical  thermo¬ 
dynamics.  It  is  well  known  that  the  transition  of  less  stressed  rings  into  more 
stressed  rings  is  observed  in  practice,  although  this  is  in  direct  contradiction  with 
the  theory  of  stress.  From  the  thermodynamics  of  chemical  reactions,  however,  it  is 
well  known  that  every  reversible  chemical  system,  under  certain  conditions,  for  ex¬ 
ample,  under  the  introduction  of  energy  from  outside,  may  be  converted  into  a  system 
with  a  large  supply  of  free  energy.  Thus  the  possibility  of  the  formation  of  more 
highly  stressed  rings  depends  mainly  or  the  conditions  under  which  the  reaction  is 
conducted  (Bibl.l66).  S.S.Nametkin  (Bibl.l67)  states  that  the  processes  of  formation 
on  stressed  rings  usually  takes  place  under  the  conditions  of  high  temperatures,  or 
pressures,  or  under  high  vacuum  or  when  powerful  chemical  reagents  or  catalysts  are 
used.  Under  these  conditions,  the  stress  in  the  ring  as  the  factor  controlling  the 
process  is  not  of  decisive  significance.  The  above  propositions  are  well  confirmed 
by  the  example  of  the  cyclic  organosilicon  polymers.  Thus,  for  instance,  on  the 
hydrolysis  of  dimethyldichlorosilane  in  an  acid  medivsn,  the  main  reaction  products 
are  cyclic  polymers  of  the  composition  [(CH^JgSiOJn  (with  values  of  n  from  3  to  9), 
while  the  yield  of  the  cyclic  tetramer  is  maxium,  amounting  to  U2%  of  theoretical. 
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Under  these  conditions  the  cyclic  trimer  is  formed  in  the  quantity  of  0.5&  In  case 
the  cyclic  polymers  are  formed  hy  thermal  depolymerization  of  linear  polydimethyl- 
siloxane,  the  opposite  picture  is  observed  in  vacuo*  In  this  reaction  the  yield  of 
the  cyclic  trimer  is  kU%  while  the  yield  of  tetramer  falls  to  2U%»  On  the  hydrolysis 
of  diethyldichlorosilane  in  an  acid  medium,  cyclic  polymers  are  formed,  consisting 
mainly  of  tetramer.  An  alkaline  medium  during  hydrolysis  favors  the  formation  of 
linear  polymers.  This  may  be  explained  by  the  fact  that  on  the  condensation  of  di- 
alkylsilanediols  in  a  weakly  alkaline  medium,  formation  of  an  equilibrium  system  of 
the  type: 


HO-Si 


i — O — Si — 1 


d  R 
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OH  +  NaOH  N»0— Si- 
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-O — Si — OH  -f  (U) 
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is  possible.  The  hydroxysilanolate  structure  (III)  has  the  possibility  of  growth 
primarily  in  one  direction,  owing  to  the  blocking  of  one  of  the  two  hydroxyl  groups 
by  a  sodium  ion.  For  this  reason  the  formation  of  cyclic  compounds  is  hindered.  But 
the  disruption  of  the  siloxane  bond  under  the  conditions  of  weakly  alkaline  hydroly¬ 
sis  under  the  action  of  a  dilute  aqueous  solution  of  caustic  soda  is  impossible. 
Nevertheless,  in  consequence  of  the  reversibility  of  this  reaction,  a  certain  quantity 
of  cyclic  compounds  (about  2Q?)  is  formed  even  on  hydrolysis  in  the  presence  of  an 
alkali.  Besides  this,  polymers  containing  hydroxyl  groups  are  also  present  in  the 
products  of  hydrolysis  of  dialkyldichlorosilanes.  This  is  confirmed  by  the  fact  that 
a  certain  quantity  of  water  is  always  liberated  on  the  distillation  of  the  polymers. 
Its  formation  can  be  explained  only  by  the  further  condensation  of  the  dihydroxypoly- 
dialkylsiloxanes : 
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The  tendency  of  linear  dihydroxylpolydialkylsiloxanes  to  undergo  further  condensation 
is  determined  by  the  elementary  groups  in  the  polymer  (x).  In  this  case,  the  greater 
the  number  x,  the  smaller  the  tendency  of  the  polymer  to  further  condensation. 

If  the  process  of  condensation  of  dialkylsilanediols  proceeds  in  a  concentrated 
medium,  where  the  frequency  of  mutual  collisions  between  molecules  is  higher  than  the 
velocity  of  intramolecular  ring  closure,  then  the  condensation  is  directed  toward  the 
side  of  the  formation  of  linear  high-molecular  polymers.  In  the  case  of  condensation 
in  dilute  solutions,  where  the  possibility  of  the  collision  between  the  individual 
molecules  is  reduced,  the  process  of  formation  of  cyclic  polymers  is  dominant.  How¬ 
ever,  the  presence  of  active  solvents,  which  also  block  some  of  the  hydroxyl  groups, 
may  direct  the  process  of  condensation  toward  the  formation  of  linear  compounds,  for 
example,  according  to  the  median! sm: 

X! 

KtSiU,  +  QH.OH - •  R&(  +  HCI 

XOC4H, 

XI 

2RiSi/ _ +  HjO  —  (C4H.O)RtSiOSiR^OC4H,)  T  2HCI 

\OC*H, 

The  further  hydrolysis  of  tetraalkyldibutoxydisiloxane  leads  to  the  formation 
mainly  of  linear  polymers. 

The  partial  hydrolysis  of  dialky ldi chloro silanes  likewise  leads  to  the  formation 
of  polymers  of  the  linear  structure: 
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The  formation  of  dichloropolydialkylsiloxanes  is  favored  by  a  homogenous  medium  dur¬ 
ing  hydrolysis,  and  by  the  slow  introduction  of  water  into  the  solution  of  the  di- 
alkyldichlorosilane.  The  primary  products  of  the  hydrolysis  of  the  dialkyldichloro- 
silane  may  be  converted  into  high-polymer  substances  by  means  of  subsequent  heating. 
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Under  these  conditions,  the  increase  in  polymer  chains  length  takes  place  on  account 
of  the  condensation  of  the  individual  molecules  at  the  hydroxyl  end-groups: 
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-0— Si- 

—on  +  no— Si— 
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-OH 


R 

— O— Si— 
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— O— ]>i— OH  4-  H*C 
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X4-W 


During  the  process  of  condensation,  the  concentration  of  hydroxyl  groups  continuously 
falls.  The  rate  of  reaction  also  falls  accordingly.  The  water  liberated  by  the 
condensation  reaction  likewise  slows  the  course  of  the  reaction. 

To  accelerate  the  process  of  condensation,  it  is  usually  conducted  at  tempera¬ 
tures  of  150-20CPC,  and  a  stream  of  inert  gas  is  blown,  at  the  same  time,  through  the 
reaction  mass  to  facilitate  the  removal  of  the  water  formed.  For  this  same  reason, 
most  compounds  able  to  bind  the  water  set  free  during  the  condensation  also  encourage 
the  acceleration  of  the  process  of  condensation  of  organosilicon  polymers.  Such 
compounds  are  sulfuric  acid,  anhydrous  halides  of  iron,  antimony,  or  tin,  sodium 
sulfate,  triethanolamine,  and  esters  of  boric  acid.  Benzoyl  peroxide  and  other  oxi¬ 
dants  (Bibl.190)  react  by  another  mechanism. 

The  acceleration  of  condensation  under  the  action  of  catalysts  is  caused  by 
processes  which  may  be  divided  into  four  main  groups: 

1.  The  condensation  itself,  leading  to  the  formation  of  siloxane  bonds  between 
two  Si-OH  groups.  Dehydrating  agents  catalyze  this  process. 

2.  Heteropolycondensation,  accompanied  by  cocondensation  between  a  substance 
with  a  considerable  number  of  hydroxyl  groups  (H^BO^),  and  the  hydroxyl  groups  of 
the  organosilicon  polymer  by  the  reaction: 


-Si— OH  +  li(OH),  +  HO— Si—  — !5i — O — B — O — Si—  +  2H,0 

1  1  '  Ah  ' 
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3*  Degradative  condensation,  taking  place  as  a  result  of  the  cleavage  of  organ¬ 
ic  radicals  and  the  formation  of  an  additional  siloxane  bond  under  the  action  of  oxi¬ 
dants,  such  as  benzoyl  peroxide,  oxygen,  air  at  elevated  temperatures,  etc. 

4.  Rearrangement,  accompanied  by  cleavage  of  the  cyclic  compounds  and  their 
conversion  into  linear  high-polymers  (under  the  action  of  sulfuric  and  chloric  acid*, 
antimony  pentachloride,  alkali). 

In  practice,  for  the  better  conduct  of  the  proces s  of  formation  of  the  polymer 
molecule,  the  two  latter  methods  are  most  often  used,  blowing  air  through  the  polymer 
or  treating  the  hydrolysis  product  with  alkaline  or  acids.  When  the  polymeric  pro¬ 
ducts  are  treated  with  a  stream  of  air  at  an  elevated  temperature,  the  partial  cleav¬ 
age  of  the  organic  radicals  attached  to  the  silicon  atom  is  observed.  This  reaction 
is  specific  for  polymers  with  aliphatic  and  certain  other  radicals.  As  a  result  of 
the  reactions,  an  aldehyde  is  formed,  according  to  the  formula: 


CH.R 

1 

O 

-Si-O- 

I 

+  50,  -  '4 

— Si — <> — 

. 

OltjR 

CH,R 

where  R  is  a  hydrocarbon  radical  or  a  hydrogen  atom. 

At  the  place  of  the  cleaved  organic  radicals  an  additional  siloxane  bond,  join¬ 
ing  the  linear  molecules  by  a  transverse  bridge,  appears.  By  blowing  air  through  the 
polymer,  the  low-molecular  cyclic  products  may  also  be  condensed.  The  structure  of 
the  polymer  formed  in  this  case  is  expressed  by  the  following  formula: 


K  R 
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*  As  in  text-Translator. 
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Cyclic  low-polymer  polyorganosiloxanes,  in  my  opinion,  are  best  of  all  converted 
into  linear  polymers  of  higher  molecular  weight,  by  acting  on  the  cyclic  compounds 
with  dry  or  concentrated  alkali  and  using  dry  HC1  or  aqueous  solutions  of  acids  to 
neutralize  it.  In  this  case  the  maxium  weight  of  the  polymer  molecules  is  obtained. 
For  organosilicon  polymers  with  aromatic  groups,  it  is  characteristic  that  when  a 
stream  of  moist  air  is  blown  through  the  polymer  in  the  presence  of  catalytic  quan¬ 
tities  of  HC1,  the  cleavage  of  the  phenyl  groups  and  formation  of  benzene  is  observed: 


■  a  1 1, 

i 

—Si  ( >—  I  |.,i ) 

•  ,,1 1 


OH 

i 

-Si-  o-  -  (<,11,. 
I 

<',■11. 


The  cleavage  of  the  aromatic  group  under  the  action  of  HC1  is  accompanied  by  the 
formation  of  an  Si-Cl  bond. 

\  \ 

-Si- QH, -r  HCI  -  -SI— CI-f-QH, 

/  / 


The  Si-Cl  bond  so  formed  is  readily  hydrolyzed  by  moist  air: 


-Si-Cl  +  H,0  *  -Si  -OH  +  HCI 

/  / 

The  HCI  is  continuously  regenerated,  and  is  thus  the  catalyst  of  the  process. 

The  first  representatives  of  the  class  of  bifunctional  compounds,  dimethyldi- 
chlorosilane,  reacts  energetically  with  water  to  form  HCI  and  polymeric  cyclic  and 
linear  products: 


l(CH,)tSiCI; 


CH, 

(n  +  l)H,U  i 

- -  HO-Si— 

I 

CH, 


CH,. 

< )— ki— 

I 

CH, 


CH, 

— O— — OH  +  2nHC.I 


n-2 


CH, 


i»H.O 


I(CH,  )«SiO]„  -t-  2sHCI 


Hydrolysis  of  Dimethyl dichlorosilane  in  Water.  To  12000  g  of  water,  under  vig¬ 
orous  stirring,  42 50  g  of  dimethyldichlorosilane  is  gradually  added.  The  temperature 
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of  the  mixture  during  the  process  of  addition  of  the  dimethyldichloro silane  is  held 
within  the  limits  of  15-20^0.  The  oily  upper  layer  is  separated  from  the  water  layer 
washed  free  of  HC1,  and  the  low-boiling  cyclic  compounds  are  distilled  off,  at  first 
under  atmospheric  pressure  (up  to  175°C),  and  then  under  the  reduced  pressure  of 
20  mm.  The  yield  of  the  distilled  fraction  is  50.8$  of  the  weight  of  the  hydrolysis 
product  of  dimethyldichlorosilane.  This  fraction  is  a  mixture  of  the  cyclic  trlmer, 
tetramer,  pentamer,  and  hexamer,  whose  yield,  in  $  of  theoretical,  amounts  to: 


[(CH3)jSiO]3 . 0,5%  |(CH3)*SiO]., . 6,7% 

|(CH3)*Si014 . 42%  ((OU^iOU . 1.6% 


The  remaining  49*2$  consists  of  the  undistilled  retort  residue,  from  which  small 
amounts  of  cyclic  heptamer,  octamer,  and  nonamer  may  be  separated.  It  is  also  pos¬ 
sible  that  the  retort  residue,  after  the  highest  boiling  cyclic  compound  the  nonamer, 
[(CH^JjSiO]^,  has  been  distilled  off,  contain  still  higher-molecular  cyclic  compounds, 
which  cannot  be  separated  even  by  fractional  distillation  under  a  high  vacuum 
(Bibl.180). 


On  hydrolysis  of  dimethyldichlorosilane  in  ether  solution,  under  the  conditions 
of  a  strongly  acid  medium,  the  yields  of  low-molecular  products  amount  to  95-96$  of 
the  weight  of  the  hydrolysis  product. 

Hydrolysis  of  Dimethyldichlorosilane  in  Ether.  In  400  ml  of  ether  250  g  of  di¬ 
methyldichlorosilane  is  dissolved.  The  solution  is  slowly  poured,  with  vigorous 
stirring,  into  400  ml  of  water.  The  temperature  is  held  within  the  range  10-2CPC 
during  the  entire  process  of  hydrolysis.  The  maximum  concentration  of  the  HC1  lib¬ 
erated  is  about  6  mols  per  liter  (2C$),  under  the  condition  of  the  uniform  distribu¬ 
tion  of  the  HC1  between  the  water  and  the  ether.  The  organic  layer  is  separated  and 
washed  with  water  until  its  reaction  is  neutral.  The  ether  is  then  distilled  off. 
The  product  of  the  hydrolysis  consists  of  96$  of  cyclic  compounds  passing  over  in 
vacuo  (under  1  mm  pressure  and  maximum  temperature  20CPC ),  and  containing  3  to  7 
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silicon  atoms  in  the  chain. 

On  partial  hydrolysis  of  dimethyldichlorosilane,  dichloropolydimethylsiloxanes 
are  formed: 

<;h,  "  ai,  “  di, 

ci— ii  -o--l  --Si— ()--  | — si — c:i 

!  ,1  !  I 

CH.  Cfl.  CM, 

It  is  advisable  to  conduct  this  reaction  in  the  presence  of  a  solvent  in  which 
water  and  dimethyldichlorosilane  are  equally  soluble.  Dioxane  is  a  suitable  solvent 
for  this  purpose. 

Hydrolysis  of  Dimethyldichlorosilane  in  Dioxane.  In  2000  ml  of  ether  16.6  mols 
of  dimethyldichlorosilane  is  dissolved.  A  solution  of  8.3  mis  of  water  in  150  ml  of 
dioxane  is  slowly  added  to  this  solution,  with  vigorous  stirring  and  under  external 
cooling.  During  the  reaction,  gaseous  HC1  is  evolved,  which  to  some  extent,  entrains 
the  vapor  of  dimethyldichlorosilane  and  of  the  solvent.  To  prevent  the  volatiliza¬ 
tion  of  the  products,  the  reaction  flask  is  connected  with  a  reflux  condenser  cooled 
with  a  solution  of  solid  carbon  dioxide  in  acetone  (Bibl.168). 

After  the  hydrolysis  has  been  completed,  the  reaction  mixture  is  fractionated. 
The  composition  of  the  mixture  of  hydrolysis  products,  in  %t  is  a3  follows: 


Unreacted  (CHjJ^iClj  22 

C1(CH3 )2SiOSi(CH3  JjjCl  28 

Cl (CHj )2SiOSi (CH3  JjOSi (CH3 )2C1  2U 

Cl(CH3)2SiC0Si(CH3)2]20Si(CH3)2Cl  15 

Cl(CH3)2SiC0Si(CH3)2]30Si(CH3)2Cl  6 

CL(CH3)2Si[0Si(CH3)2340Si(CH3)2Cl  3 

Undistilled  Residue  2 


If  the  partial  hydrolysis  of  dimethyldichlorosilane  is  conducted  in  the  absence 
of  a  solvent,  the  composition  of  the  hydrolysis  product  is  sharply  different,  and 
the  yield  of  linear  dichloropolydimethylsiloxanes  is  considerably  lower.  At  the  same 
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time,  the  cyclic  tetramer  and  pentamer,  as  well  as  a  large  amount  of  undistilled 
residue,  may  be  detected  among  the  hydrolysis  products.  In  this  case,  the  composi¬ 
tion  of  the  mixture  of  reaction  products,  in  %t  i3  as  follows: 


Unreacted  (CH3  )2SiCl2  62 
Cl(CH3)2SiOSi(CH3)2Cl  6 
Cl(CH3)2Si0Si(CH3)20Si(CH3)2Cl  2 

C(ch3  )2sio3/t  n 

[(CH3)2SiO]5  2 
Cl(CH3)2Si[OSi(CH3 )2]20Si(CH3 )2C1  1 
Undistilled  Residue  16 


These  data  show  the  process  of  partial  hydrolysis  of  dimethyldichlorosilane  in 
a  homogenous  medium  to  be  stepwise  in  nature.  In  the  first  stage  of  the  reaction, 
dimethylchlorosilanol  is  formed,  which  reacts  with  a  molecule  of  dimethyldichloro¬ 
silane  to  form  tetramethyldichlorodisiloxane: 


/Cl 

(CHjrisSiCI,  +  I M  >  ►  «:i  WjSi'  +  HCI 

NOH 

/Cl  CL 

<‘  iW<  4-  ;Si(<:ii,t.  *  <:Ka-i,isSiosi(CH»)iCi  +  na 

Non  cy 


The  formation  primarily  of  tetramethyldichlorodisL-jxane  is  easy  to  explain  theoret¬ 
ically  by  using  the  equation  derived  by  us  for  the  stepwise  processes  of  hydrolysis 
and  condensation  of  alkyl-substituted  esters  of  orthosilicic  acid  (Bibl.l69) 

(cf.  page  270).  In  the  case  of  partial  hydrolysis  of  dimethyldimethylchlorosilane 
with  a  molar  ratio  of  8.3  :  16.6  between  water  and  dimethyldichlorosilane,  the  degree 
of  polymerization  will  be: 


A 


n 


n — m 


»6.6 

lfi.fi  _8  ,3  ~  - 
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and,  consequently,  tetramethyldichlorodisiloxane  should  be  the  principal  reaction 
product.  In  heterogeneous  hydrolysis,  the  process  is  not  of  stepwise  nature,  and  as 
a  result  of  the  reaction,  together  with  a  larger  amount  of  unreacted  dimethyldi- 
chlorosilane,  the  mixture  also  contains  up  to  30^  of  completely  hydrolyzed  product. 

The  structure  of  hexadecamethylcyclooctasiloxane  has  been  investigated  by  means 
of  X-ray  analysis.  This  substance  forms  transparent  crystals,  with  the  elementary 
cell  of  the  crystal  consisting  of  two  molecules  of  [(CH^J^iOlg.  Such  a  molecule 
has  a  symmetrical  ring  structure  and  is  not  planar.  The  crystals  possess  the  piezo¬ 
electric  effect,  but  are  optically  inactive  (Bibl.170,  17A )• 

A  number  of  empirical  formulas  are  known  for  the  cyclic  polydimethylsiloxanes, 
relating  their  physical  properties  with  the  number  of  silicon  atoms  in  the  ring. 

Thus,  for  instance,  the  latent  heat  of  vaporization  (in  kcal  per  mol)  is  ex¬ 
pressed  by  the  equation: 

H-  5,45+  I.35X  (1) 


where  x  ■  number  of  silicon  atoms  in  the  ring. 

The  vapor  pressure  is  expressed  by  the  equation: 


IgP  wc  7,07  i 


1190 


+  0,265- 


2941 


(2) 


P  *  pressure,  mm  Hg; 

T  ■  absolute  temperature,  °C; 

*  ■  number  of  silicon  atoms  in  ring. 

There  is  an  empirical  equation  relating  the  viscosity  of  cyclic  polydimethyl¬ 
siloxanes  with  the  molecular  weight: 


1ST,  —1,44  +  2,741ft* 


(3) 


where  n  ■  viscosity  in  centipoises  at  38°C; 
x  ■  number  of  silicon  atoms  in  ring. 

The  relation  of  the  viscosity  to  the  temperature  may  be  expressed  by  means  of 
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the  Arrhenius  equation  in  the  following  form: 


■r.  =  Ae' 


RT 


(4) 


where  E  ■  energy  of  activation  of  viscous  flow. 

Since  the  energy  of  activation  of  viscous  flow  is  a  linear  function  of  the  loga¬ 
rithm  of  the  number  of  silicon  atoms  in  the  polymer,  and  is  expressed  for  cyclic  poly- 
dimethylsiloxane  by  the  equation 


£  0,98-4-3,961** 


(5) 


then,  starting  out  from  eqs.  (3),  (4),  and  (5)»  the  general  equation  for  the  viscosity 
of  cyclic  polydimethylsiloxanes  over  the  range  of  temperatures  from  38  to  10CPC  may 
be  derived: 


l<?ri  ==  —  2,13 


214 

T 


The  slight  variation  of  the  viscosity  with  the  temperature  is  a  confirmation  of  the 
weak  associative  forces  between  the  molecules  of  cyclic  polydimethylsiloxanes,  and 
is  of  great  practical  importance,  as  well  as  considerable  theoretical  interest 
(cf.  Chapter  X). 

The  linear  and  cyclic  polydimethylsiloxanes  are  chemically  stable  substances. 

The  cyclic  polymers  (up  to  and  including  the  hexamer)  may  be  distilled  under  atmos¬ 
pheric  pressure  without  appreciable  signs  of  decomposition. 

When  linear  polydimethylsiloxanes  are  heated  to  temperatures  of  200-25 C^C,  the 
liberation  of  water  and  the  completion  of  the  condensation  process  are  observed,  with 
the  formation  of  higher-polymer  products: 
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The  esters  of  boric  acid,  triethanolamine,  antimony  pentachloride,  and  sulfuric 
acid  are  particularly  effective  accelerators  of  the  process  of  polycondensation  of 
the  hydrolysis  products  of  dimethyldichlorosilane  (Bibl.171). 

The  hydrolysis  product  of  dimethyldichlorosilane  is  mixed  with  half  the  amount 
of  the  ethyl  ester  of  boric  acid,  and  heated  to  190°C.  A  solid  polymer  is  formed  in 
10  minutes,  while  several  hours  are  needed  for  the  condensation,  without  a  catalyst, 
to  a  similar  state.  The  reaction  of  polymerization  proceeds  according  to  the  follow¬ 
ing  mechanism: 

-  -*  2C,H,OH  4.  HOSi(CH,)t|OSi(CH,).JrOSi(CHs)j. 

)B-OC*Hs 

>CK 

HOSi(CH,),(OSi(CWsti|.xOSi  (Cl  I, ' 


The  excess  of  the  boric  acid  ester  remains  dissolved  in  the  polymer  and  has  no 
effect  on  its  final  technological  properties  (Bibl.175). 

When  the  hydrolysis  products  of  dimethyldichlorosilane  are  treated  with  a  stream 
of  air  at  an  elevated  temperature,  together  with  condensation  at  the  hydroxyl  groups, 
cleavage  of  the  organic  radicals  also  occurs,  forming  the  corresponding  alderhyde. 

The  number  of  oxidized  methyl  groups  is  small  and  depends  on  the  rate  of  passage  of 
the  gas,  the  temperature,  the  oxygen  concentration,  and  the  presence  of  foreign 
substances.  Thus,  for  example,  analysis  of  a  specimen  (prepared  by  heating  the  pro¬ 
duct  of  hydrolysis  of  dimethyldichlorosilane  at  200°C  until  it  had  been  converted 
into  an  elastic  rubberlike  product)  showed  (Bibl.177)  it  to  contain  82.5^  of  silicon 
dioxide  instead  of  the  theoretical  amount  of  81,8%, 


According  to  the  analytical  data,  this  polymer  has  the  formula  (CH0)  SiO 

3  1.82  1.09 

instead  of  the  theoretical  formula  (CH^JgSiO,  and,  consequently,  the  loss  of  methyl 
groups  amounts  to  about  0.18  CH^  per  hundred  silicon  atoms  (Bibl.172). 

The  literature  also  gives  descriptions  of  studies  devoted  to  the  elucidation  of 


the  relation  of  the  number  of  methyl  groups  cleaved  with  the  composition  of  the  gas 
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passed  through  and  with  the  presence  of  foreign  substances  (Bibl.191).  Through 
weighed  portions  of  polydimethylsiloxane  polymer  (25  g)  at  200°C,  streams  of  various 
ga3es  were  passed  for  168  hours  at  the  rate  of  20  ml/min.  The  formaldehyde  and 
formic  acid  formed  were  caught  by  titration  with  an  alkali  solution,  and  their  con¬ 
tent  was  determined  by  the  bisulfite  method,  or  by  means  of  hydroxylamine  hydro¬ 
chloride.  The  starting  polymer  taken  for  the  experiment  had  a  viscosity  of  72.4 
centistokes.  The  change  of  viscosity  of  the  polymer  at  the  end  of  the  process,  and 
the  number  of  methyl  groups  undergoing  cleavage  was  as  follows: 


T  ■"  ■  —  ", . 1  - 

i 

Gas 

Visco^ Ity  after 
Condensation, 
in  Centistokes 

Number  of  CH^ 
Groups  Cleaved, 
Per  100  Silicon 
Atom 

Helium  (Not  over  0.1#  of  O2) 

76.2 

0.07 

Nitrogen  (0.5^  of  O2) 

83.6 

0.6 

Air 

1C7 

1.26 

Oxygen 

120 

1.92 

The  presence  of  certain  metals  affects  the  oxidation  of  organic  radicals  in 
polydimethylsiloxanes .  Of  tl  e  metals  investigated,  copper,  selenium,  and  lead  are 
inhibitors  of  the  process  of  oxidation.  Tellurium,  to  a  slight  extent,  accelerates 
oxidation  of  the  methyl  groups  in  polydimethyls-'  loxanes;  silver,  cadmium,  zinc, 
iron,  3teel,  and  duralumin  have  no  effect  on  the  process  of  oxidation.  The  reaction 
was  conducted  under  the  conditions  described  above,  with  the  single  difference  that 
turnings  of  the  metal,  31  x  6  *  0.8  mm  in  size,  were  introduced  into  the  polymer. 
The  original  polymer  was  the  same. 

The  change  in  the  viscosity  of  the  polymer,  and  the  number  of  metal  groups 
cleaved  per  100  silicon  atoms  during  the  process  of  oxidation  of  polymers  in  the 
presence  of  certain  elements,  are  given  in  Table  64. 


F-TS-9191/V 


554 


Table  64 

Influence  of  Metals  on  Oxidation  of  Polydimethylsiloxanes 


Copper 

Selenium 

Lead 

JlciS 

Viscosity 
of  Polymer 
Centistokes 

Number  of 
CH3  Groups 
Cleaved 

Per  10C 
Silicon 

Atom 

Viscosity 
of  Polymer 
Centistokes 

Number  of 

CHo  Groups 
Per  100 
Silicon 
Atoms 

Viscosity 
of  Polymer 
Centistokes 

Number 

of  CH3 

Groups 

Cleaved 

Per  100 

Silicon 

Atoms 

Air 

80.5 

C.3 

77.7 

0.15 

146 

— 

Cxygen 

8C.2 

0.26 

_ 

76.6 

0.07 

149 

0.15 

Cur  attention  is  drawn  by  the  data  on  the  increase  in  the  viscosity  of  the 
polymer  on  oxidation  in  the  presence  of  lead.  At  the  same  time,  in  the  presence  of 
lead,  a  considerable  loss  in  weight  is  observed,  owing  to  the  volatilization  of  the 
low-molecular  products.  Since  the  starting  polymer  does  not  contain  low-molecular 
impurities,  their  formation  during  the  process  of  condensation  must  be  attributed 
to  the  influence  of  the  lead.  The  lead  during  the  process  of  oxidation  also  under¬ 
goes  changes.  The  shining  surface  of  the  metal  is  gradually  covered  by  a  gray  film, 
the  liquid  becomes  turbid,  and,  toward  the  end  of  the  oxidation,  a  precipitate 
accumulates  on  the  bottom  of  the  reaction  fla9k. 

It  is  well  known  that  lead  oxide  reacts  with  trimethylsilanol  to  form  lead  his- 
t  rimet  hylsilanol at  e : 


2(<  UnhSiOlI  ;  Pho  -  •  HX)  +  [(CH,),Si<>|aPI> 

Patnode  and  Schmidt  postulate  that  the  lead  oxide  might  also  disrupt  the  polysiloxane 

chains  according  to  the  scheme: 
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— I'b 


CH,  CH,  CH,  Cl  1 ; 

lll> 

-Si—O— Si  -O— Si— O— Si— O  +  lJlii ) 

I  I  I  i 

CM,  CM,  CM,  CM, 


/CM,  /CH, 
O— Si—  O— Si-O  - 

/7  xch,  N:h, 

\  /  CH,  /CH, 

■O-Si— 0— Si— o- 
XCH,  .  \CH, 


The  derivatives  of  lead,  under  the  conditions  of  elevated  temperatures,  may 
undergo  rearrangement  to  form  either  linear  or  cyclic  compounds.  If  a  cyclic  poly¬ 
mer  is  formed,  however,  it  will  be  removed  from  the  system,  since  it  is  more  volatile 
than  the  linear  polymers,  and  in  this  way  the  reaction  will  shift  towards  the  side 
of  formation  of  cyclic  compounds:  at  higher  temperatures  the  rate  of  oxidation  of 
the  radicals  appreciably  rises.  In  this  case  an  insoluble  three-dimensional  poly¬ 
mer  will  be  formed  and  gelation  will  take  place.  Thus,  for  instance,  at  225°C,  the 
gelation  of  the  same  starting  polymer  (of  viscosity  72.4  centistokes)  begins  24 
hours  after  air  or  oxygen  ha3  been  passed  through  under  the  above  conditions.  On 
the  cold  parts  of  the  reaction  flask  a  dense  white  precipitate  of  paraformaldehyde 
is  deposited.  We  present  data  on  the  oxidation  on  the  methyl  groups  in  the  polydi- 
methylsiloxanes  and  on  the  influence  of  metals  on  the  process  of  oxidation  at  225°C: 


Gas 

Air 

Oxygen 

Air 

in  the  Presence  of  Copper 


Air 

in  the  Presence  of  Lead 


Time  from  Beginning 
of  Condensation  to 
Instant  of  coagulation. 
Hours 

24 

24 


72-96 


Does  not  coagulate 
after  168  Hours 


96-120 


Air 

in  the  Presence  of  Selenium 


Number  of  CHo  Groups 
Cleaved  Per  100 
Silicon  Atoms 


~  2.5 


a.  3.8 


It  will  be  seen  from  these  data  that  at  a  high  temperature,  in  the  presence  of 
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copper,  selenium,  or  lead,  the  process  of  gelation  is  slowed 


In  the  presence  of  selenium,  the  losses  due  to  volatilization  during  condensa¬ 
tion  amount  to  about  7C^,  while  the  viscosity  of  the  condensed  polymer  is  lower  than 
that  of  the  polymer  in  its  original  state.  In  the  stripped  volatile  portion,  hexa- 
methylcyclotrisiloxane  and  octamethylcyclotetrasiloxane  were  found.  The  presence 
of  selenium  in  the  polymer  lead 3  to  the  rearrangement  of  linear  polymers  into  cyclic; 
it  is  possible  that  the  mechanism  of  the  rearrangement  in  this  case  is  the  same  as 
in  presence  of  lead.  At  a  temperature  of  25CPC,  the  oxidation  proceeds  still  more 
vigorously.  The  alderhyde  liberated  in  gaseous  fom  is  energetically  oxidized  to 
formic  acid,  or,  at  a  high  temperature,  it  is  decomposed  into  CO  and  When  a 
polymer  is  heated  with  its  surface  in  contact  with  air,  but  without  air  being  blown 
through  it,  the  process  of  oxidation  is  sharply  retarded  and  depends  largely  on  such 
conditions  as  the  relationship  between  the  surface  area  of  the  polymer  and  its  vol¬ 
ume,  the  shape  of  the  vessel,  the  temperature,  etc. 

On  heating  polymers  not  containing  hydroxyl  groups  in  sealed  ampules  for  168 
hours  at  25CPC,  practically  no  changes  of  their  physical  properties  are  observed. 
These  data  speak  for  the  exceptional  thermal  stability  of  the  polydimethylsiloxanes. 
When  linear  and  cyclic  polydimethylsiloxanes  are  heated  with  3N  solution  of  alkali, 
the  methyl  groups  are  cleaved,  and  methane  and  sodium  silicate  are  formed: 

|(CHt):SiO|n  +  2n\aOH - *  nNatSiO,  -f  2/tCH. 

The  yield  methane  is  77 %  of  theoretical. 

Polydimethylsiloxane  containing  functional  groups  in  the  organic  radicals  may 
be  prepared  by  hydrolysis  of  the  corresponding  chloromethyldichlorosilanes.  Thus, 
for  example,  methyl chlorooethyldichlorosilane,  (CH^ )  (C^Cl  JSiC^,  is  readily  hydro¬ 
lyzed  by  the  action  of  water,  forming  oily  polymeric  products  of  the  following 

structure  (Bibl.189):  cil^u  oh2ci  OHjCl 

-li-  O  -Si-O— Si-  0 
I  I 

ON,  OH,  OH, 


F-TS-9191/V 


557 


On  heating  the  polymer  so  obtained  with  solid  caustic  potash,  the  chloromethyl 
groups  are  cleaved,  forming  methyl  chloride:. 


[ (CH,)(CH,C1  )SiOJ„  +  nKOH  - 


-  OK-j 

CH,SiO  n  +  nCH,CI 


The  hydrolyzate  of  methyl (dichloromethyl)dichlorosilane,  (CH3  )(CHCl2)SiCl2,  is  like¬ 
wise  stable  against  acid  hydrolysis,  but  easily  cleaves  its  chloromethyl  groups 
under  the  of  a  40^  aqueous  solution  of  caustic  potash: 

CHClj  CHClj  OM  OH 

— ii— O-Si— O—  +  2H,0  -  -  •  — ii — O — — ( )  —  +  2CII..U, 

d;H,  ch,  ch,  d:H, 

Owing  to  the  hydroxyl  groups  formed  as  a  result  of  the  cleavage  of  the  chloro¬ 
methyl  groups,  a  polymer  of  the  composition  (CH-jSiC^j^  is  formed. 

The  chloromethyl  groups  are  partically  cleaved  from  methyltrichloromethyldi- 
chlorosilane,  (CH-jXCCl^JSiC^,  even  on  hydrolysis  in  an  acid  medium.  Under  the 
action  of  aqueous  solutions  of  alkalies,  the  hydrolysis  proceeds  still  more  energet¬ 
ically: 


><(Cil,a;i,SiU,)  -f  1 ,5rtH,0  •  -  -  (CH,SiOl>#)n  +  /iCHCI,  4-  2«HCI 


The  methylchloromethylsiloxanes  may  be  prepared  by  the  chlorination  of  siloxane. 

On  the  chlorination  of  octamethylcydotetrasiloxane  at  50-60^0  under  ultra¬ 
violet  irradiation,  heptamethylchloromethylcyclotetrasiloxane  is  formed  (Bibl.172). 


CH,V  .CH, 

)Si-0-Si( 

CH,'  I  |  nCH, 

o  o 

CH,V  |  |  CH, 

>Si— O-Si' 


CH, 


CH,CI 


This  substance  is  a  liquid,  melting  point  -1°C,  boiling  point  127°C  (50  mm),  spe¬ 
cific  gravity  d^°  ■  1.041;  refractive  index  njj°  *  1.4158. 
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The  product  does  not  decompose  on  boiling  with  water  or  with  the  mixture  of 
water  and  dioxane,  but  boiling  with  a  15^  solution  of  caustic  potash  or  potassium 
carbonate  in  butanol  for  15  minutes  leads  to  the  cleavage  of  the  chloromethyl  group 
and  the  formation  of  a  polymeric  product  of  the  following  structure: 


The  degree  of  completion  of  the  reaction,  according  to  the  CH^Cl  liberated,  is 
88%.  Simultaneously  with  the  cleavage  of  the  chloromethyl  groups,  the  rearrangement 
of  the  polydimethylsiloxane  structures  under  the  action  of  alkali  is  observed. 


With  the  object  of  studying  the  effect  of  sulfuric  acid  on  polydimethylsiloxanes, 
the  depression  of  the  freezing  point  of  solutions  of  polydimethylsiloxanes  is  con¬ 
centrated  sulfuric  acid  was  investigated  (Bibl.2Ql). 

It  was  found  that  the  i-factor  (the  ratio  of  the  observed  freezing  point  de¬ 
pression  to  the  calculated  depression)  strongly  depends  on  the  nature  of  the  solute. 
Thus,  for  instance,  the  i-factor  for  hexamethyldisiloxane  is  4.28,  for  octamethyl- 
cyclotetrasiloxane,  it  is  12.59*  for  [ (CH2 ^SiO] -jSiCH^ ,  it  is  8.23  and  for 
[  (CP^-jSiOJiSi  it  amounts  to  9.50.  As  stated  above,  the  principal  reaction  when 
sulfuric  acid  acts  on  hexamethyldisiloxane  takes  place  according  to  the  following 
scheme : 


(CH,)*SiOSi(CH|),  +  3H*S04 - »  2(CH,),SiOSO,OH  +  H,0+  +  HSOJ- 


This  would  correspond  to  the  i-factor  “  4.00.  The  i-factor  actually  determined, 
however,  was  4.28.  A  certain  amount  of  increase  in  the  value  of  the  i-factor  may 
be  explained  by  the  partial  ionization  of  the  (CH^ )^Si0S020H  group.  If  not  the  acid 
sulfate  but  the  normal  sulfate,  (CHj^SiOSOjOSiCCEj  )j,  is  formed,  then  the  i-factor 
should  equal  3,  or  it  would  have  to  be  assumed  that  the  reaction  must  take  place 
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according  to  the  following  equation: 

(CH,),SiOSOsOSi(CH3)s  -  •  Si(CH,)3+ +  (CHj),Si0S0*0- 

It  is,  however,  improbable  that  any  compounds  other  than  acid  sulfate  could  be 
formed  in  so  strong  an  acid  medium.  It  would  be  more  correct  to  suppose  that  in  the 
process  of  treating  hexamethyldisiloxane  with  an  excess  of  sulfuric  acid,  full  sul¬ 
fates  are  formed  in  small  amounts,  and  that  on  extraction  of  the  reaction  mixture 
with  pentane  they  pass  into  the  organic  layer,  owing  to  their  better  solubility.  As* 
a  result,  the  equilibrium  is  shifted,  and  a  certain  quantity  of  neutral  sulfates  is 
again  formed  in  the  reaction  mixture.  The  somewhat  higher  value  of  the  i-f actor  in 
the  product  obtained  on  the  action  of  an  excess  of  sulfuric  acid  on  octamethylcyclo- 
tetrasiloxane  (12.5  instead  of  the  theoretical  value  of  12),  may  probably  be  ex¬ 
plained  by  the  ionization  of  the  ester  HOO^OSiCCH^^OH,  which  is  formed  as  a  result 
of  the  reaction: 


|(C!I  InhSiO).  4  121 1 -.SO,  — *  4l!OO.SOSi(CH,)..OSO.OH  +  411,0+  4MSO- 

The  deviation  of  the  i-factor  amounts  on  the  average  to  0.28  for  (CH-j  )^SiOSi(CH-j 
and  to  0.59  for  [ (CH3 JjSiO]^.  But  if  the  value  of  these  deviations  is  recalculated 
for  a  single  silicon  atom,  then  we  get  practically  the  same  figures.  This  shows 
that  the  dissociation  of  the  compounds  (CH3  ^SiOSX^OH  and  HOOgSOSifCH^J^SOjjOH 
proceeds  on  approximately  the  same  level,  and  that  the  degree  of  dissociation  is 
small  in  absolute  value.  The  theoretical  value  of  the  i-factor  is  10  for 
[  (CH3  ^SiOj^SiCH^  and  13  for  [  (CH3  J^iC]  ^Si.  Since  the  experimentally  observed 
values  are  considerably  lower  than  these  values,  it  must  be  assumed  that  polymeriz¬ 
ation  processes  take  place  in  these  cases.  The  reaction  of  [  (CH^^SiOj-jSiCH-j  with 
sulfuric  acid  may  be  expressed  by  this  following  equation,  which  corresponds  to  the 
observed  values  of  the  i-factor: 
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Kai,),sioi,siCH,  +  on,so4  •  » 

>  3(<  I  l;,\,SiOS(  V  >1 1  -x  |K,i  l3)Si((  )SOnOHW  j|  ,  -r  211, i)4-  21  ISO; 

|(UI,),Si()|aSK:Ha  -j-  7,31  l2SO,  » 

>  3((:il:,)sSi()S0;0||  +  (ais)Si(OS02Oll)sOSi(OS04OH);(CH,)  4-  2,3l  lj()+  4-  2,5HSo; 

If  the  value  of  x  in  the  first  equation  is  sufficiently  high,  then  the  value 
of  the  i-factor  is  7,  while  for  the  second  equation  the  value  of  the  i-factor  is 
8.5.  Both  reactions  probably  take  place  in  reality. 

i/hen  sulfuric  acid  reacts  with  the  compound  [ (CH^  ^SiOj^Si,  the  following  re¬ 
actions  may  take  place: 

|(CH,)3Si014Si  +  7,5H,S04 - - 

-  4(CH,),SiOSO,OH  +  ^  ISi »( OSOjOH )»0,  | ,  +  H.O+  -f  -y  HSOJ" 

|(CH,),Si014Si+9H,S04 - > 

- 4(CH,),SiOSOsOH  +  —  |Si(0S020l  1)0,  5)t  +  3H.O+  +  3HSO^ 

in  which  the  i-factor  for  the  first  equation  i^s  9  and  for  the  second  equation  10. 
In  the  catalytic  rearrangement  of  polydimethylsiloxane  hydrolyzates,  the  amount  of 
concentrated  sufluric  acid  used  is  about  5%  the  weight  of  the  weight  of  the  hydro- 
lyzate. 

On  heating  with  sulfuric  acid,  most  trimethylorganosilanes  containing  a  func¬ 
tional  group  in  the  radical  evolve  methane  (Bibl.173): 

(CHahSiciuaijCoon  ,  iijSo4  —  -  nocx:cH5ai2Si(CH,),oso,H  +  ch4 

21  K  K  X :c.l  |.,(J  l:Si(CH,):OSO,H  H-  HjO - 

- -  IlCXXICH^HjSilCH.hOSHCHjlsCH-CltCOOH  +  HjSO, 

On  hydrolysis  of  diethyldichlorosilane,  viscous  oily  products  of  partial  con¬ 
densation  are  formed.  They  are  both  of  linear  and  cyclic  structure  (Bibl.190): 

n(C;I !j)jSiC;|.j  •  2HjO - 2HCI +  /i|(C:!H,)tSi(OH),) 

|(QH,)fSiO]„  +  *11,0 
HOSi  (C,H,)sO[Si(CJH,)lO]n_2  Si  (C,H,),OH 


« I  (C«T  I.lsSi  (OI  I)SJ — 
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The  formation  of  cyclic  polymers,  just  as  in  the  case  of  polydimethyl siloxanes,  is 
favored  by  an  acid  medium  and  by  the  presence  of  an  inactive  solvent  during  hydroly¬ 
sis. 

Hydrolysis  of  Diethyldichlorosilane.  1.  In  1.5  liter  of  water  at  CPC,  260  g 
of  dimethyldichlorosilane  is  introduced,  with  vigorous  stirring.  An  oil  is  obtained 
which  is  separated  from  the  water  layer,  and  is  then  dissolved  in  ether.  The  ether 
solution  is  washed  twice  with  water,  and  then  dried  over  potassium  carbonate.  The 
ether  is  distilled  off  and  the  oil  is  fractionated.  The  yield  of  cyclic  trimer  and 
tetramer  is  1 4.8$  and  29.2#  of  the  theoretical*  A  higher  yield  of  cyclic  polydi- 
ethvlsiloxanes  is  obtained  when  ether  is  used  as  a  solvent  during  the  process  of 
hydrolysis. 

2.  To  a  solution  of  478  g  of  diethyldichlorosilane  in  700  ml  of  ether,  47 8  g 
of  ice  is  added.  After  all  the  ice  has  melted,  the  mixture  is  boiled  under  a  reflux 
condenser  for  1  hour,  then  the  water  layer  is  separated,  and  the  ether  layer  is 
washed  once  with  an  equal  volume  of  water.  For  the  final  hydrolysis  and  complete 
condensation,  the  organic  layer  is  boiled  with  a  5 %  solution  of  FaOH  for  1  hour.  It 
is  then  washed  with  water  until  the  reaction  is  neutral,  and  the  ether  is  then  dis¬ 
tilled  off.  The  polymer  so  obtained  contains  62,' *  of  cyclic  products,  which  are 
separated  by  distillation  from  the  high-molecular  compounds.  The  distillate  so 
obtained  contains  60-7 C$  of  cyclic  trimer  and  10-20$  of  cyclic  tetramer,  which  are 
then  separated  in  a  rectification  column  with  20  theoretical  plates,  packed  with 
glass  rings.  The  rectification  is  conducted  in  vacuo.  The  physical  properties  of 
hexaethylcyclotrisiloxane  and  octaethylcyclotetrasiloxane  are  given  on  page  575. 

The  cyclic  polydiethylsiloxanes  are  liquids  insoluble  in  water,  but  readily 
soluble  in  ethers  and  aromatic  hydrocarbons  (Pibl.176). 

On  hydrolysis  of  diethyldichlorosilanes,  the  purity  of  the  starting  products 
has  a  substantial  effect  on  the  properties  of  the  polymer  obtained  (dibl.177). 

Diethyldichlorosilanes  of  various  degrees  of  purification  was  subjected  to 
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hydrolysis.  The  relation  between  the  molecular  weight  of  the  polymer  obtained  after 
hydrolysis  (cryoscopically  determined)  on  the  degree  of  purification  of  the  diethyl- 
dichlorosilanes,  will  be  seen  from  the  following  data: 


Molecular  Weight 
Polymer 

Diethyldichlorosilane 

Distilled  once 

615 

Distilled  twice 

cOO 

Distilled  three  times 

uo 

Recrystallized  at  -96.5°C 

250 

It  will  be  seen  from  these  data  that  the  purer  the  starting  diethyldichloro¬ 
silane,  the  lower  the  molecular  weight  of  the  polymer  obtained  from  it.  This  may  be 
explained  by  the  presence,  in  the  starting  diethyldichlorosilane,  of  an  admixture  of 
ethyldichlorosilane,  forming  a  higher-molecular  branched  polymer. 

The  effect  of  the  purity  of  the  starting  diethyldichlorosilane  on  the  viscosity 
and  other  properties  of  the  polymer  obtained  by  heating  the  polymer  at  20CPC,  like¬ 
wise  confirms  this  hypothesis  (Table  65). 

As  will  be  seen  from  these  data,  for  a  once  purified  diethyldichlorosilane, 
the  slight  change  of  viscosity  by  comparison  with  the  change  in  the  molecular  weight 
is  characteristic.  This  is  evidence  that  the  nolymer  formed  is  of  branched  struc¬ 
ture,  since,  for  equal  molecular  weights,  the  viscosity  of  a  linear  polymer  is  higher 
than  that  of  a  branched  polymer.  In  the  polymer  obtained  from  triple-distilled  di¬ 
ethyldichlorosilane  the  linear  structure  has  already  become  pronounced.  The  in¬ 
crease  in  specific  viscosity  per  elementary  cell  over  the  same  period  of  time (24-48 
hours)  -amounts,  for  once  -  distilled  diethyldichlorosilane,  to 


f,«p  (cnj  ^jio 


“iflsp  Afjjp  •Afc.ii 
i  Vf 

M.c  u 
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where  risp  =  h-1;  M  -  molecular  weight  of  a  unit  of  the  chain. 

For  triple-distilled  diethyldichlorosilane,  the  value  of  Angp/(C2H5)2SiO  is 
about  10  time3  as  high,  and  now  amounts  to  4.28  *  10”^, 

Table  65 


Effect  of  the  Purity  of  the  Starting  Diethylchlorosilane  on  the 


Properties  of  the  Polymer 


A) 

b) 

o 

d) 

e) 

1) 

0 

815 

0.021 

24 

1450 

0,032 

7 

48 

2040 

0,057 

9,8 

72 

4850 

infelubk 

16.1 

. 

0 

410 

0.015 

9) 

24 

665 

0,049 

40,4 

48 

1120 

0,240 

50,7 

72 

2040 

insoluble 

54.7 

a)  Diethyldichlorosilane;  b)  Time  of  condensation  at  20CPCt  hours;  c)  Molec¬ 


ular  weight  of  polymer  (Cryoscopic);  d)  Specific  viscosity  of  a  2%  solution 
of  t.he  polymer  in  toluene;  e)  Condensation  losses,  %;  f)  Once-distilled 

g)  Triple  distilled 


The  considerable  amount  of  the  losses  of  volatile  substances  on  the  condensa¬ 
tion  of  the  hydrolysates  of  thrice-purified  diethyldichlorosilane  is  connected  with 
the  fact  that  two  reactions  of  equal  probability  take  place  during  hydrolysis  and 
condensation:  formation  of  a  linear  polymer  with  hydroxyl  end-groups,  and  of  a 
cyclic  polymer  of  low  molecular  weight  and  low  boiling  point,  for  which  the  possi¬ 
bility  of  further  condensation  has  already  been  lost.  In  the  case  of  diothyldi- 
chlorosilane  containing  an  admixture  of  ethyldichlorosilane,  the  cyclic  products 
formed  contain  trifunctional  units,  and,  in  this  way,  are  able  to  participate  in 
further  condensation,  with  the  formation  of  high-polymer  nonvolatile  products 
(Bibl.178 ). 

I  have  studied  (Bibl.187)  the  process  of  hydrolysis  of  diethyldichlorosilane 
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by  an  excess  of  water  (3  mols  of  water  to  1  mol  of  diethyldichlorosilane)  and  of  the 
polycondensation  of  the  hydrolyzates  (cf.  Fig.  30).  On  condensation,  the  molecular 
weight  of  the  polymer,  determined  by  the  viscosimetric  method,  sharply  rises  in  the 

first  two  hours  of  heating.  On  further  heating, 
the  increase  in  molecular  weight  slows  down,  and 
after  10  hours  the  molecular  weight  remains  prac¬ 
tically  constant  thereafter.  Prolonged  heating 
of  the  re3in  converts  it  into  the  insoluble  state 
The  resin  obtained  was  separated  into  fractions 
by  extraction  with  the  corresponding  solvents. 

The  molecular  weight  of  the  starting  resin  was 
5387  (determined  cryoscopically  in  benzene)  and 
5401  (determined  vicsosimetrically),  which  cor¬ 
responds  to  about  52  elementary  units  in  the  mol¬ 
ecule.  The  resins  were  successively  extracted 
with  ethanol  and  benzene.  The  fraction  soluble 
in  ethanol  had  an  average  molecular  weight  of 
4331  (cryoscopic)  and  4551  (viscosimetric).  The 
fraction  obtained  after  extraction  with  benzene 
had  a  molecular  weight  of  6278  (cryoscopic)  and 
6483  (viscosimetric).  The  close  agreement  be¬ 
tween  the  molecular  weights,  determined  viscosimetrically  and  cryoscopically,  indi¬ 
cates  the  linear  structure  of  the  polymer  and  its  relatively  low  polydispersion 
just  as  in  the  case  of  the  polydimethylsiloxanes .  The  process  of  condensation  of 
polydiethylsiloxanes  is  accelerated  in  the  presence  of  tne  esters  of  boric  acid, 
triethanolamine,  sulfuric  acid,  benzoyl  peroxide,  and  other  compounds.  The  reaction 
between  phosphoric  anhydride  and  polydiethylsiloxane  has  been  investigated  in  detail 
The  starting  polymer  was  mixed  with  various  amounts  of  phosphoric  anhydride,  after 


Fig.  30  -  Relation  of  the 
Molecular  Weight  of  the 
Polymer  to  the  Duration 
of  Heating  and  to  the 
Mature  of  the  Starting 
Product : 

1  -  Resin  of  (C2H3 )2Si(0R)2; 

2  -  Resin  of  (02115)312012 
a)  Duration  of  heating, 
hours;  b)  Molecular 

weight 
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which  the  mixture  was  heated  at  200°C  for  2 L  hours.  On  the  completion  of  the  heat¬ 
ing,  the  phosphoric  acid  was  washed  off  the  polymer,  and  the  molecular  weight  o.  the 
polymer  was  determined  by  the  cryoscopic  method.  ’.Then  P2C^  introduced  into  the 
polymer,  the  liberation  of  a  large  amount  of  heat  and  the  formation  of  a  gel  or  solid 
rroduct  is  observed.  After  the  phosphoric  acid  is  washed  away,  however,  the  prop¬ 
erties  of  the  final  product  differ  little  from  those  of  the  starting  polymer.  The 
data  on  the  properties  of  the  starting  and  final  products  are  as  follows: 


''olecular  , /eight  of  Polymer  before  Treatment  ULC 

"ole.T’lar  height  of  Polymer  after  Heating  1>30 

’-olecular  ./eight  of  Polymer  after  Heating 

with  Various  Amounts  of 

30*  P205  5?C 

ioe,i  p2e5  520 

208;1  P2C5  ',50 


Viscous  Liquid 


Viscous  Liquid 
fie  1 

Solid  Product 


Then  polydiethylsiloxane  reacts  ’With  phosphoric  anhydride,  two  competing  reac¬ 
tions  take  place: 


Si  oil  -t-  IIO-Si- 


>  — Si— O— Si  4  H*0 
I  I 


(I) 


«;  o  OIt  0,1 

l  ^  ^  1  I  111 

-Si-OH  4-  P-O-P  4-  MO-Si-  — >  -Si-O-P-O-P-O-Si-  ,TT  v 

1  11  11  1  11  11  !  vii; 

00  00 

The  first  reaction  is  connected  with  the  cleavage  of  water  from  the  two  hydroxyl 
groups  attached  to  the  silicon.  The  phosphoric  anhydride,  as  a  dehydrating  agent, 
has  an  accelerating  action  on  this  process.  The  second  reaction  consists  in  the 
formation  of  an  organophosphorosilicon  compound  as  a  result  of  the  reaction  of  the 

1  1  l. 

-Si-OH  group  with  PjjC^  The  -Si-0-P^  bond  is  weak,  and,  in  contrast  to  the 
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-Si-0-3i-  bond,  is  readily  hydrolyzed  by  water  with  the  formation  of  the  original 

organosilicon  polymers  and  phosphoric  acid. 

It  follows  from  the  above  data  that  the  reaction  between  phosphoric  anhydride 
and  polydiethylsiloxane,  with  an  insignificant  amount  of  P2O5,  proceeds  partly  by 
schema  I.  The  fundamental  direction  of  the  reaction,  however,  which  is  particularly 
clearly  expressed  in  the  case  of  large  amounts  of  P2O5,  formation  of  a  mixed 

organophosphorosilicon  compound,  which  i3  easily  hydrolyzed  by  water  during  the 
subsequent  washing. 

The  higher  dialkyldichlorosilanes  are  hydrolyzed  according  to  the  3ame  schemes 
of  reaction  as  diethyldichlorosilane.  The  rate  of  hydrolysis  and  condensation  of 
the  higher  polydialkylsiloxanes  depends  to  a  considerable  extent  on  the  nature  of 
the  organic  radical  attached  to  the  silicon.  Thus,  for  example,  tert-dibutyldi- 
chlorosilane  is  not  hydrolyzed  by  water,  and  its  chlorine  content  cannot  be  deter¬ 
mined  by  titration  with  alkali.  This  can  be  explained  by  the  fact  that  the  branched 
organic  radicals  cause  steric  hindrance  on  the  hydrolysis  of  tert-dibutyldichloro- 
silane  (Bibl.179). 

The  reaction  of  hydrolysis  of  phenyltrichlorosilane  and  of  diphenyldichloro- 
silane  ha3  been  investigated  in  detail  (Bibl.180,  188).  The  hydrolysis  of  diphenyl - 
dichlorosilane  and  the  condensation  of  the  initial  hydrolyzate,  diphenyl silanediol, 
take  place  slowly  that  all  the  intermediate  products  in  the  process  of  transition 
from  diphenyldichlorosilane  to  the  polydiphenylsiloxanes  have  been  isolated,  and  the 
mechanism  of  this  process  is  one  of  the  examples  for  the  explanation  of  the  mechan¬ 
ism  of  the  reactions  of  hydrolysis  and  condensation  of  the  dialkyldichlorosilanes. 

On  hydrolysis  of  diphenyldichlorosilane  in  an  alkaline  medium,  the  sodium  salts  of 
diphenylsilanediol  are  formed,  and  diphenylsilanediol  can  be  isolated  from  it  by 
cautious  acidification  of  the  mixture  with  acid. (Bibl. 181). 

Diphenylsilanediol  is  also  obtained  in  good  yield  on  the  hydrolysis  of 
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diphenyldichlorosilane  in  an  acid  medium  in  the  presence  of  a  solvent  (Bibl.182). 

Hydrolysis  of  Diphenyldichlorosilane  to  Diphenylsilanediol.  To  a  mixture  of 
77  ml  of  toluene,  161  ml  of  tertiary  amyl  alcohol,  and  666  ml  of  water,  200  g  of 
diphenyldichlorosilane  dissolved  in  77  ml  of  toluene  is  added  dropwise,  cooling  to 
25°C.  After  30  minutes,  during  which  all  the  diphenyldichlorosilane  is  added,  the 
mixture  is  stirred  for  another  10  minutes.  The  solution  is  then  filtered  off  from 
the  precipitated  crystals  of  diphenylsilanol,  which  are  washed  with  water  to  remove 
the  free  acid,  and  are  dried  in  the  air.  The  diphenylsilanediol  so  obtained  is 
practically  free  from  polymeric  products.  It  may  be  further  purified  by  recrystal- 
lization  from  a  mixture  of  methylethyl  ketone  and  chloroform.  The  yield  of  the  pure 
product  is  933  of  theoretical,  melting  point  l/t8°C. 

When  treated  with  acids  or  alkalies,  diphenylsilanediol  readily  forms  cyclic 
polymers.  Hexaphenylcyclotrisiloxane  is  obtained  when  diphenylsilanediol  is  heated 
in  the  presence  of  acid. 

Preparation  of  Hexaphenylcyclotrisiloxane.  In  150  ml  of  ether,  10  g  of  di¬ 
phenylsilanediol  is  dissolved,  and  5  ml  of  concentrated  HC1  is  added  to  the  solution 
the  mixture  is  boiled  under  a  reflux  condenser  for  3  hours,  then  the  ether  is  dis¬ 
tilled  off,  and  the  residue  is  recrystallized  from  glacial  acetic  acid  or  a  mixture 
of  benzene  and  ethanol. 

Preparation  of  Octaphenylcyclotetrasiloxane.  To  a  boiling  solution  of  diphenyl¬ 
silanediol  in  953  ethanol,  1-2  drops  of  an  aqueous  alkali  solution  is  added.  <Pn 
cooling  the  solution,  the  tetramer  crystallizes  out.  For  its  complete  purification 
it  may  be  recrystallized  from  a  mixture  of  benzene  and  ethanol,  or  from  glacial 
acetic  acid. 

On  prolonged  heating  of  diphenylsilanediol  above  the  melting  point,  it  con¬ 
denses  to  form  cyclic  and  linear  polymers. 

In  a  distillation  flask,  in  vacuo,  20  g  of  diphenylsilanediol  is  heated.  At 
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first  water  is  liberated,  and  then,  at  a  higher  temperature,  from  300  to  330°C 
(1  mm),  7.6  g  of  impure  hexaphenylcyclotrisiloxane  is  distilled.  The  residue  in  the 
flask,  7.5  g,  consists  of  higher  molecular  cyclic  and  linear  polyphenylsiloxanes, 
built  up  of  rings  linked  by  the  siloxane  bond. 

Polyphenylcyclo3iloxanes  are  solid  crystalline  substances.  Octaphenylcyclo- 
tetrasiloxane  is  known  in  two  crystalline  modifications.  It  crystallizes  from  hot 
acetone  in  long  thin  monoclinic  needles,  wnile  from  cold  acetone,  in  difference, tri¬ 
clinic  rectangular  plates  are  precipated  (Bibl.183).  The  temperature  of  transition 
from  the  unstable  triclinic  fora  to  the  stable  monoclinic  form  is  about  100°C.  On 
heating  to  this  temperature,  the  crystals  of  unstable  fora  become  lusterless.  Cyclic 
polydiphenyls iloxanes  have  the  following  properties: 


Melting  Point, 
°C 


Boiling  Point, 
°C 


Hexaphenylcyclotrisiloxane  190  290-300  (1  mm ) 

Octaphenylcyclotetrasiloxane  201-2C2  330-340  (1  mm ) 


On  partial  hydrolysis  of  diphenyldichloro3ilane,  linear  dichloropolyphenyl- 
siloxanes  are  formed.  In  this  case  the  hydrolysis  is  conducted  in  a  homogenous  me¬ 
dium,  in  a  solvent  that  dissolves  both  water  and  diphenyldichlorosilane. 

4  mols  of  diphenyldichlorosilanes  are  dissolved  in  1000  ml  of  ether.  To  this 
mixture  a  solution  of  2  mols  of  water  in  400  ml  of  dioxane  is  added  dropwise  with 
vigorous  stirring.  After  addition  of  the  water,  dry  nitrogen  is  blown  through  the 
mixture  to  remove  the  HC1,  after  which  the  solvent  i3  distilled  off  and  the  residue 
is  fractionated. 

Dichlorohexaphenyltrisiloxane  on  fractionation  is  usually  contaminated  by  hexa¬ 
phenylcyclotrisiloxane,  whose  boiling  point  is  close  to  its  own.  These  two  products 
are  separated  by  extracting  the  dichlorohexaphenyltrisiloxane  by  n-heptane.  The 
residue  after  fractionation  probably  contains  higher  molecular  dichloropolydiphenyl- 
siloxanes.  When  the  molar  ratio  between  water  and  diphenyldichlorosilane  is 
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increased  to  1  :  1.5,  the  yield  of  dichlorohexaphenyltrisiloxane  is  increased,  while 
the  yield  of  dichlorohexaphenyldisiloxane  is  decreased.  At  a  molar  ratio  of  1  :  1 
or  1  :  0.67  between  water  and  diphenyldichlorosilane,  the  reaction  products  consist 
almost  exclusively  of  hexaphenylcyclotrisiloxane  (Bibl.189).  The  dichloropolydi- 
phenylsiloxanes  have  the  following  properties. 


Melting  Point, 
°C 

Boilxng  Point, 
°C 

Appearance 

Dichlorotetraphenyldisiloxane 

38 

238-2A1 
(1  mm  ) 

Waxy  Hexagonal 
Prisms 

Dichlorohexaphenyltrisiloxane 

•  - 

290-3C3 

(1  mm  ) 

Waxy  Amorphous 
Substance 

Cr.  hydrolysis  of  dichloropolydiphenylsiloxanes  by  the  method  described  for  the 
preparation  of  diphenylsilanediol,  the  corresponding  linear  polymers  with  hydroxyl 
groups  at  the  ends  of  the  chains  are  formed.  The  hydrolysis  of  the  dichloropolydi¬ 
phenylsiloxanes  proceeds  considerably  more  slowly.  To  purify  the  dihydroxylpolydi- 
phenylsiloxanes,  they  are  recrystallized  from  a  mixture  of  benzene  and  n-heptane. 

The  yields  of  the  products  are  90-95!?  of  theoretical. 

The  melting  points  of  dihydro^ypolydiphenylsiloxanes  are  as  follows: 

Melting  Point,  °C 

Dihydroxytetraphenyldisiloxane  113-11A 

Dihydroxyhexaphenyldisiloxane  111 

Cr.  hydrolysis  of  diphenyldichlorosilane  by  a  stream  of  moist  air  passed  through 
a  solution  of  this  substance  in  chlorobenzene,  the  formation  of  polymeric  products 
of  cyclic  and  linear  character  is  observed  (3ibl.l88). 

The  control  of  the  process  is  effected  by  determining  the  acid  value  of  the 
reaction  mass  (Fig.31)* 

After  80  hour  treatment  of  a  solution  of  diphenyldichlorosilane  at  5C°C  with  a 
stream  of  moist  air,  the  acid  number  has  been  reduced  to  11.6  mg  KOH.  Thi3  means 
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that  the  Hydrolysis  has  been  97. Pi  completed.  Similar  experiments  on  the  hydrolysis 
of  a  solution  of  diphenyldichlorosilane  by  moist  air  at  150°C  have  shown  that  the 
acid  values  of  the  reaction  mass  are  gradually  lowered.  After  BO  hours,  the  acid 


0  /O  20  30  40  SO  60  70 

A) 


Fig.  31  -  Effect  of  the  Duration  of 
the  Blowing  of  Moist  Air  Through 
Diphenyldichlorosilane  on  the 
Acid  Values  of  the  Mixture  Formed 
a)  Time,  hours;  b)  Acid  value, 
mg  KOH 


Fig.  32  -  Effect  of  the  Duration  of 
Blowing  Moist  Air  Through  Diphenyl¬ 
dichlorosilane  on  the  Viscosity  of 
the  Polymer 

a)  Time,  hours;  b)  Relative  Viscosity 


value  of  the  reaction  mass  is  3C.7  mg  of  KOH,  which  corresponds  to  a  9 U»2%  level  of 
hydrolysis. 

The  relative  viscosity  of  the  hydrolyzate  gradually  increases  during  the  first 
1. 0-50  hours;  thereafter  it  varies  only  slowly.  The  cause  of  the  viscosity  curve  is 
evidence  that  the  length  of  the  polymer  chain  increases  simultaneously  with  the  pro¬ 
cess  of  hydrolysis  (Fig. 32). 

The  polymer,  after  the  solvent  has  been  distilled  off,  is  a  dense  nonuniform 
resinous  mass  containing  inclusions  of  crystals  which  are  probably  hexaphenylcyclo- 
trisiloxane,  Cn  further  heating  of  the  product  at  150-200^0  for  U0  hours,  the  prop¬ 
erties  of  the  polymer  change  little.  On  heating,  the  product  is  gradually  converted 
into  a  hard  resin  of  melting  point  about  56°C. 

The  hydrolysis  of  organosilanes  containing  alkyl  and  aryl  radicals  attached  to 
the  same  silicon  atom  by  the  action  of  water  in  an  acid  medium  takes  place  with  the 
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formation  of  viscous  products  from  which  cyclic  and  linear  substances  are  isolated 
(Bibl.184).  Phenylethyldichlorosilane  on  hydrolysis  with  water  is  converted  into 
phenylethylsilanediol,  which  is  then  condensed  to  polyphenylethylsiloxane: 

r:,Hi(CiH,)SiaJ  +  2HsO - »•  C,H,(C,H*)Si(OH)s  +  2HCI  ( I ) 

i— (C*Hj(CjH5)SiO)B  +  nHjO 

<.,H,(C2H5)Si(OH),— 

I— 0HSif;,H,(CsH,)0[SiC,l!,(C,H,)O|B_sSiC,H4(CjH,)OH 

These  two  reactions  are  evidently  consecutive,  but  they  may  also  take  place 
s imultaneously • 

Hydrolysis  of  Phenylethyldichlorosilane.  To  6 00  ml  of  water,  over  a  period  of 
3-4  hours,  at  a  temperature  below  70°C,  375  g  of  phenylethyldichlorosilane  is  drop*- 
wise  added  with  vigorous  stirring.  An  oily  product  of  moderate  viscosity  is  obtained. 
When  the  water  is  introduced  into  the  chloride,  instead,  a  similar  product  is  ob¬ 
tained.  Hydrolysis  by  ammonia  water,  and  also  hydrolysis  of  a  product  that  has  first 
been  esterified,  yield  the  same  result. 

Studies  have  shown  that  the  polyphenylethylsiloxanes  formed  on  hydrolysis  are 
cyclic  compounds  containing  a  t rimer  of  the  following  structure: 

i.jll*  «.*H, 

C.H,  Si-  o--Si — C«H-, 

!  I 
<>  Si-O 

/\ 

'  -»H,  C,H, 

On  heating  the  hydrolyzate  of  phenylethyldichlorosilane  by  slowly  blowing  air 
at  190°C  through  it  for  24  hours,  the  product  becomes  viscous  and  tacky.  Acetalde¬ 
hyde  was  found  in  the  off-gases.  The  heating  of  the  hydrolyzate  to  18CPC  with 
simultaneous  dropwise  addition  of  aqueous  HC1  for  24  hours  likewise  leads  to  the 
formation  of  a  viscous  and  tacky  product.  After  48  hours,  most  specimens  are  con¬ 
verted  into  an  elastic  gel  insoluble  in  toluene,  which  contains  49.6^  of  silicon 
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dioxide  and  has  an  average  molecular  weight  of  1310,  corresponding  approximately  to 
the  following  compounds: 


ii  Ax. 

>  / 

Si 

Si 

Si 

Si 

\ 

/  N. 

/ 

X 

/  X 

1 1 

U  (1 

i  > 

( ) 

O  ( 1 

Si 

o  Si  Si— 

— () - Si 

Si 

() - Si  Si' 

/\ 

,/X  /V 

/  •. 

/X 

/X  /  f  ,H., 

( )  <  .1 

Ir,  HA  '» 

41;  1  Ir,*:- 

O  Oji 

I-,  ll3c,  o 

On  treatment  of  the  polymer  with  aqueous  HC1,  cleavage  of  the  phenyl  groups  and  lib¬ 
eration  of  benzene  in  an  amount  67;?  of  the  theoretical  takes  place.  The  process 
proceeds  by  the  scheme: 

\  X  ./ 

2 — Si — C*H,  -*■  11*0  —  ••  — Si — O — Si - h  2C*H, 

/  /  \ 

The  blowing  of  air  through  the  liquid  hydrolyzate  of  methylphenyldichlorosilane  at 
25CPC  leads  to  the  formation  of  a  soluble  viscous  tacky  resin.  In  this  case  form¬ 
aldehyde  is  liberated.  The  re3in  contains  of  silica.  In  this  case,  if  the 

product  of  hydrolysis  of  diphenylmethylchlorosilane  is  treated  with  aqueous  HC1  at 
17CPC,  the  condensation  product  will  contain  17.7/?  of  SiC^.  The  Si02  content  of  a 
coagulated  speciman  is  55 .6£,  which  is  evidence  of  the  continuing  cleavage  of  phenyl 
groups  under  the  action  of  aqueous  HC1  at  17CPC  on  the  product. 

Cyclic  and  linear  polymethylphenylsiloxanes  have  been  prepared  and  investigated 
Their  catalytic  transformations  under  the  actions  of  high  temperature  and  catalysts 
have  also  been  studied.  For  this  purpose,  methylphenyldichlorosilane  is  hydrolyzed 
by  a  mixture  of  water  and  ice,  without  solvent.  The  oil  obtained  by  hydrolysis  is 
heated  in  vacuo  at  2  nm  pressure  to  a  temperature  of  l60°C.  Under  these  conditions, 
a  rearrangement  of  the  3iloxane  bonds  is  possible.  The  fractional  distillation  of 
the  oil  so  obtained  yielded  a  cyclic  trimer,  which,  as  was  established,  consists  of 
two  stereoisomeric  forms.  The  cis-isomer  melts  at  99.5°C,  the  trans-isomer  at 
39.5°C. 
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The  cyclic  polymethylphenylsiloxanes  could  be  converted  into  linear  products, 
as  usual,  by  the  action  of  sulfuric  acid  in  the  presence  of  hexamethyldisiloxane. 

It  is  well  known,  however,  that  the  phenyl  groups  attached  to  the  silicon  atom  are 
cleaved  under  the  action  of  sulfuric  acid,  and  this  method  is  therefore  inconvenient. 
It  has  been  found  that  the  cyclic  polydimethylphenylsiloxanes  may  be  converted  into 
linear  compounds  under  the  action  of  a  solution  of  caustic  potash  in  a  medium  of 
isopropyl  alcohol.  In  this  case  tetramethyldiphenylsiloxane  may  be  used  to  induce 
ring  closure.  If  hexamethyldisiloxane  is  used  for  this  purpose,  however,  toluene 
must  be  added  as  a  solvent,  since  hexamethyldisiloxane  is  miscible  only  within  cer¬ 
tain  limits  with  isopropyl  alcohol  and  with  the  polydinethylphenylsiloxanes.  On  the 
reaction  between  sym-tetramethyldiphenyldisiloxane  and  polymethylphenylsiloxanes  in 
the  presence  of  alkali,  methylphenyl3ilanol  and  dimethylphenylisopropoxysilane  are 
obtained.  It  may  be  postulated  that  the  following  equilibrium  is  established  in 
this  reaction: 


KOli  U01I  , 

-Si  O— Si  “  *_  -Si  -Oh  <  v  —Si  -<  >U 
I  HO  KOI  I 

Conversion  of  Cyclic  Polymethylphenylsiloxane  into  the  Linear  Polymer.  Tetra- 
methyldiphenyldisiloxane,  245  g  or  G.C57  mol,  i3  mixed  with  75  ml  of  isopropyl  alco¬ 
hol  and  38.8  g  or  0.275  mol  of  cyclic  dimethylphenylsiloxanes.  To  the  homogeneous 
solution  so  obtained,  8  ml  of  a  60?  solution  of  KOH  in  water  is  added.  Only  5 .3  ml 
of  the  alkali  solution  dissolves.  The  mixture  is  then  heated  39  hours  at  71°C. 

After  cooling,  the  mixture  is  first  washed  with  a  IQ?  solution  of  sodium  chloride  to 
break  the  emulsion,  then  with  a  10!?  solution  of  anroonium  chloride,  and  the  organic 
layer  is  then  dried.  The  propyl  alcohol  is  distilled  off  and  the  residue  is  frac¬ 
tionated,  yielding  the  following  fractiors:  60-119°C  (1.8  nm),  15.1  g;  120-138°C 
(2  mm),  166.5  g  (tetramethyldiphenyldisiloxane  found);  130-173°C  (0.5  mm),  59.3  g 
(mainly  the  linear  trimer  found);  25.3  2  of  residue  with  a  lower  viscosity  than  the 
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starting  polymethylphenylsiloxanes.  This  residue  probably  consists  of  products  of 
linear  structure. 

The  low  boiling  fraction  is  redistilled,  yielding  2.8  g  of  a  product  of  boiling 
point  65-66°C  (3.5  ram).  Its  analysis  confirmed  the  fact  that  this  fraction  consists 
of  dimethylphenylsilanol.  The  presence  of  dimethylphenylpropoxysilane  in  this  same 
fraction  was  qualitatively  established. 

Study  of  the  Structure  of  Cyclic  Polvsiloxanes 

As  already  stated,  cyclic  products  are  often  the  principal  reaction  products  of 

f 

the  hydrolysis  of  dialkyldichloro3ilanes,  especially  in  acid  media,  and  a  study  of 
their  structure  is  therefore  of  considerable  interest.  The  cyclic  trimers  and 
tetramer3  are  most  often  formed.  If  the  size  of  the  organic  radical  is  small,  the 
trimer  and  tetramer  can  be  separated  by  fractional  distillation  in  vacuo.  It  is 
also  necessary,  however,  to  determine  the  molecular  weight  of  the  product,  its 
structure,  and  a  number  of  other  characteristics.  The  use  of  the  method  of  infrared 
spectroscopy  to  establish  the  nature  of  cyclic  polysilaxanes  gives  good  results.  A 
number  of  cyclic  polymers  have  been  prepared  to  investigate  the  infrared  spectra 
(Eibl.176 ). 

Preparation  of  Hexaethylcyclotrisiloxane  and  Octaethylcyclotetraslloxnae.  To  a 
solution  of  A78  Z  of  diethyldichlorosilane  in  700  ml  of  ether,  h78  g  of  ice  is  added. 
After  all  the  ice  has  melted,  the  mixture  is  boiled  1  hour  under  a  reflux  condenser. 
The  water  layer  is  separated,  and  the  ether  layer  is  washed  once  with  an  equal  vol¬ 
ume  of  water.  The  washed  ether  solution  is  boiled  with  a  5/S  solution  of  caustic 
soda  with  the  object  of  completing  the  hydrolysis  of  the  unreacted  chlorine  atoms 
and  also  of  effecting  more  complete  condensation.  After  distilling  off  the  ether, 
a  transparent  colorless  liquid  containing  62#  of  volatile  cyclic  polymers  is  obtained. 
The  hydrolysis  of  diethyldichlorosilane  with  ice,  without  using  a  solven^  formed  a 
product  containing  27#  of  volatile  cyclic  polymers,  hydrolysis  of  diethyldichlcro- 
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silane  by  adding  it  dropwise  to  boiling  water  gives  a  product  containing  only  22%  of 
volatile  cyclic  polymers. 

Fractional  distillation  of  the  hydrolyzate  yields  60-?0f?  of  a  cyclic  trimer 


with  the  following  properties: 

Melting  Point °C  9.9 

Boiling  Point °C  156.7  (50  mm) 

Specific  Gravity  0. 954.9 

Refractive  Index  1.4306 

Viscosity  at  25°C,  Centistokes  3.6 


and  10-2Q^  of  a  cyclic  tetramer  with  the  following  properties: 


Freezing  Pcint°C  -o4°C 

Boiling  Point °C  127°C  (1  mm) 

Specific  Gravity  0.96 4 

Refractive  Index  1.4336 

Viscosity  at  25°C,  Centistokes  11.2 


Preparation  of  1.2.3-Trimethyltriphenylc'yclotrisiloxane  and  1.2.3.4-Tetra- 
methyltetrapheavlcyclotetrasiloxane.  Pure  methylphenyldi chloro silane ,  500  g,  is 
diluted  with  3  parts  by  volume  of  ether,  and  a  mixture  is  cooled  by  placing  the 
flask  in  an  ice  bath.  To  the  cooled  mixture,  370  ml  of  water  per  mol  of  methyl- 
phenyldichlorosilane  is  added.  The  ether  solution  is  then  washed  with  distilled 
water  until  free  of  chlorine.  After  distilling  off  the  ether  in  vacuo  at  20  mm,  up 
to  10CPC,  the  residue  is  a  colorless  oil  with  the  following  properties: 


Specific  Gravity 

1.125 

Viscosity  at  20°C,  Centistokes 

203 

Refractive  Index 

1.5451 
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Vacuum  distillation  of  the  product  from  a  short-necked  flask  up  to  a  tempera¬ 
ture  of  30CPC,  at  0.1  mm,  yields  76.7$  of  volatile  products  of  the  following  prop¬ 
erties: 


Specific  Gravity 

1.121 

Viscosity  at  20°C,  Centistokes 

187 

Refractive  Index 

1.5U5 

When  the  fraction  boiling  at  157°C  (0.1  mm)  is  collected  while  crystals  begin 
to  be  thrown  down  in  the  receiver.  They  are  filtered  off  from  the  mother  liquor, 
and  are  recrystallized  from  methanol.  The  crystals  have  a  melting  point  of  lOCPC. 

A  study  of  the  infrared  spectra  of  this  product  has  shown  it  to  be  phenyl- 
met  hylcyclotrisiloxane.  When  the  mother  liquor  stands  for  a  few  days,  at  room  temp¬ 
erature,  no  further  crystallization  of  the  product  is  observed.  Cn  standing  in  a 
refrigerator  at  -20PC,  however,  all  the  liquid  becomes  very  much  denser,  and  then 
crystallizes  out  completely  at  room  temperatures.  The  crystals  so  obtained,  after 
recrystallization  from  methanol,  have  a  melting  of  A5.5°C. 

The  infrared  spectrum  of  this  compound  indicates  that  it  is  also  a  cyclic 
trimer,  but  in  the  spectra  of  both  products  insignificant  but  entirely  distinct  dif¬ 
ferences  are  preceptible,  which  can  be  explained  by  the  fact  that  they  are  stereo¬ 
isomers.  The  fraction  corresponding  to  the  cyclic  tetramer  is  collected  in  such  a 
way  that  when  the  area  corresponding  to  the  tetramer  appears  on  the  rectification 
curve,  the  fraction  is  collected  not  in  one  receiver,  but  in  several,  and  the  frac¬ 
tion  is  separated  into  several  parts. 

After  the  several  parts  of  this  fraction  are  allowed  to  stand  for  a  few  weeks, 
in  these  receivers,  about  15-20$  of  white  crystals  are  thrown  down,  which  are  re¬ 
crystallized  from  methanol.  After  recrystallization  they  have  the  melting  point  of 
99°C. 

A  study  of  the  infrared  spectrum  of  this  product  has  shown  that  the  crystals. 
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like  the  mother  liquor,  consists  of  tetramer.  The  spectra  of  these  substances  some¬ 
what  differ  from  each  other.  7/hen  ♦he  liquid  tetramer  has  stood  for  three  weeks, 
no  crystalline  products  whatever  are  found  to  separate. 

Preparation  of  1.2.3-Triethylphenylcyclotrisiloxane  and  1,2,3. A-Tetraethyl- 
tetraphenylcyclotetrasiloxane.  To  770  g  of  ground  ice  51C  g  of  ethylphenyldichloro- 
silane  dissolved  in  3  volumes  of  ether  is  gradually  added.  After  the  ice  has  melted 
the  mixture  is  boiled  an  hour  under  n  reflux  condenser.  The  ether  layer  is  then 
•washed  wish  water,  and  an  equal  volume  of  a  5w  solution  of  caustic  soda  is  added. 

The  mixture  is  again  boiled  for  some  tine  under  a  reflux  condenser. 

The  water-alkaline  layer  is  separated,  and  the  ether  layer  is  washed  at  first 
in  a  2*  KC1  solution,  then  with  distilled  water  until  the  reaction  is  neutral,  and 
is  then  dried  over  calcium  chloride.  The  ether  i3  distilled  off  during  heating  of 
the  solution  to  150°C  150  mm).  The  colorless  oil  so  obtained  is  placed  in  a  short¬ 
necked  flask.  The  contents  of  the  flask  are  heated  to  2£cPc  (0.05-0.1  mm),  and 
77.5^  of  volatile  products  are  then  distilled  off. 

At  a  temperature  of  25°C,  the  distillate  has  a  viscosity  of  21  centistokes. 

The  distillate,  amounting  to  530  g  (from  3  experiments)  is  fractionated  in  a 
column,  yielding  25c  ml  of  a  fraction  boiling  at  170-175°C  (0.1  mm),  and  120  ml  of 
a  fraction  boiling  at  212°C  (0.1  mm).  Redistillation  of  each  in  the  same  column 
yields  230  ml  of  a  fraction  consisting  of  cyclic  trimer  boiling  at  166°C  (G.025  mm). 
The  refractive  index  is  1.5A02,  the  specific  gravity  1.0932,  the  viscosity  at  25°C, 
63.6  centistokes. 

After  the  product  was  allowed  to  stand  for  /■  hours,  no  crystal  had  separated 
out.  On  considering  the  spectrum  of  this  compound  it  may  be  concluded  that  it  is 
pure  1,3‘,5-triethyltriphenylcyclotrisiloxane,  free  from  the  cyclic  tetramer. 

The  fraction  boiling  at  212°C  (0.1  mm)  has  a  viscosity  of  25°C  of  220  centi¬ 
stokes,  a  refractive  index  of  1.5A30,  and  a  specific  gravity  of  1.1000.  After  stand¬ 
ing  for  three  weeks  at  room  temperature,  white  cyrstals  begin  to  separate  out  from 
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this  fraction.  They  are  filtered  off  and  recrystallized  twice  from  absolute  methanol. 
The  melting  point  of  the  crystal  is  106°C,  and  the  yield  is  10-11  g,  that  is,  about 
10,1. 

A  study  of  the  infrared  spectrum  of  this  compound  leads  to  the  conclusion  that 
it  is  the  pure  cyclic  tetramer.  The  mother  liquor  is  also  pure  tetramer. 

Tetraethyl-1, 2-diphenyl cyclotrisiloxane  is  obtained  by  cohydrolysis  of  a  mix¬ 
ture  of  2  mols  of  diethyldichlorosilane  and  1  mol  of  ethylphenyldichlorosilane  by 
the  method  described  above.  A  complex  mixture  of  cyclic  products  is  formed,  which 
on  fractionation  yields  about  15/1  of  tetraethyl-1, 2-diphenyl cyclotrisiloxane;  boil¬ 
ing  point,  150^*0  (0.5  mm);  refractive  index,  1.5006;  specific  gravity,  1.0561. 

On  rectification,  22v0  ml  of  a  substance  passing  over  at  165°C  (12  mm)  is  col¬ 
lected.  This  fraction  consists  mainly  of  pentaethylphenylcyclotri3iloxane.  Refrac¬ 
tive  index  1. 1735;  specific  gravity  1.0096. 

A  study  was  made  of  the  infrared  spectra  of  solutions  prepared  by  dissolving 
500  mg  of  product  in  5  ml  of  CCl^,  for  wavelengths  from  2  to  7.5  l^,  and  100  mg  of 
product  in  5  ml  of  CS2,  for  wavelengths  from  7.5  to  16  u.  Since  hexaphenylcyclo- 
trisiloxane  is  sparingly  soluble  in  CCl^ ,  it  was  studied  in  the  fonn  of  a  consider¬ 
ably  more  dilute  solution  -  5l.  The  study  was  made  in  a  cell  0.2  mm  thick. 

For  the  methyl  group  attached  to  the  silicon  atom,  the  following  absorption 
bands  are  characteristic:  3.38,  7.06  and  7.9 U.  For  the  ethyl  groups,  bands  were 
noted  at  6.8 A,  7.06,  7.26  ,  8.05  ,  9.9  and  10.4  u.  The  phenyl  group  has  bands  at 
6.28,  6.7,  6.98,  8.1,  8.9,  9.7,  and  10.04  u.  Each  of  these  bands  has  a  width  of  a 
few  hundredths  of  a  micron  and  shows  slight  fluctuations  of  intensity  for  a  dif¬ 
ferent  compound. 

Three  bands  characteristic  for  the  methyl  groups  correspond  to  stretch  vibra¬ 
tions  of  the  C-H  bond,  to  the  bending  vibrations  of  this  bond,  and  to  the  vibrations 
of  the  methyl  group,  respectively.  Another  sharp  band  between  12  and  13  u  is  char¬ 
acteristic  for  the  stretch  vibrations  of  the  Si-C  bond. 
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Phenomena  of  stereoisomerism  are  also  observed  in  the  cyclic  polysiloxanes. 
Thus,  for  instance,  for  the  four-membered  rings,  in  which  each  atom  of  silicon  is 
attached  to  two  different  radicals,  the  following  four  structures  are  possible: 
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CHAPTER  VII 


HYDROXYL-DERIVATIVE  ORGANOSILANES 


The  hydroxyl-derivative  silanes  are  the  fundamental  monomeric  compounds  whose 
polycondensation  leads  to  the  formation  of  polysiloxanes.  Theoretically  the  follow¬ 
ing  hydroxyl  derivatives  of  silane  may  exist: 

I  l»Sil)l  I  •  I  laSi(OH)t  -+  USi(OH),  '  Si(<>H), 

Owing  to  their  exceptional  tendency  to  condensation,  the  hydroxyl  derivatives  of 
silane,  except  for  dihydroxysilane  HjSiiOH^,  have  not  been  isolated  in  the  monomeric 
form  0.5  cm?  of  dihydroxylsilane  has  been  prepared,  but  its  properties  could  not  be 
studied,  since  condensation  of  the  product  soon  occurred  (Bibl.l).  The  molecular 
weight  of  its  condensation  products  is  296  (which  corresponds  to  the  hexamer). 

The  hydroxylsilanes  may  possibly  be  formed  as  intermediates  in  many  reactions. 

On  the  hydrolysis  of  a  monohalosilane,  the  formation  of  monohydroxysilane  is 
postulated  (Bibl.l). 

I  lsSi(  .1  •)-  i  i-u  ••  r  I  l,Si<  )l  I  +  I  K  .1 

Monohydroxysilane  condenses  inmediately  to  form  disiloxane. 

Hydrolysis  of  a  dihalosilane  leads  to  the  formation  of  dihydroxysilane,  which 
rapidly  condenses  to  form  polymers. 

It  is  postulated  that  on  the  hydrolysis  of  a  trihalo silane,  trihydroxysilane  is 
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formed  and  then  immediately  condenses. 

The  organodihydroxysilanes  are  of  greater  practical  interest: 

U.iSi(OH),  K,S!(OM),*»wl|<Sif(  )i 

Organomonohydroxysilanes 

On  condensation  of  organohydroxysilanes  of  the  type  R^SiOH,  only  the  dimers, 
organodisiloxanes  R^SiOSiR^,  can  be  formed.  On  co-condensation  with  organodihydroxy¬ 
silanes  and  organotrihydroxysilanes,  however,  they  participate  in  the  construction 
of  chains  of  polyorganosiloxanes  of  higher  molecular  weight,  and,  by  adding  their 
single  hydroxyl  group  to  the  polyorganosiloxane  chain,  they  block  its  growth.  Thus, 
the  organohydroxysilanes  are  of  interest  in  cases  where  inert  polymeric  compounds 
with  short  chains  must  be  prepared. 

The  most  widely  used  and  generally  recognized  reactions  forming  organohydroxy¬ 
silanes  are  the  reactions  of  hydrolysis  of  trialkyl-  and  triaryl chlorosilanes,  of 
tri-substituted  esters  of  orthosilicic  acid,  and  of  certain  other  compounds. 

The  first  representative  of  this  class  of  compounds,  trimethylhydroxysilane,  is 
formed  directly  on  the  hydrolysis  of  trimethylchlorosilane  in  an  alkaline  medium: 

(CH*)tSiCI  +  NaOH - *  (CH,),SiONa  +  HCI 

(CH|)aSiONa  +  H*0  - *  (CH^SiOH  +  NaOH 

Monomeric  trimethylhydroxysilane  is  formed  in  small  quantities  on  the  hydrolysis  of 
trimethylchlorosilane  by  a  1  N  solution  of  an  alkali  in  an  ethereal  solution.  The 
principal  product  of  this  reaction  is  hexamethyldisiloxane  which,  together  with  tri¬ 
methylhydroxysilane,  forms  an  azeotropic  mixture,  so  that  trimethylhydroxysilane  can 
be  separated  only  with  difficulty  in  the  pure  state.  On  hydrolysis  of  trimethyl- 
fluorosilane  by  a  weak  solution  of  alkali,  in  ethereal  solution,  and  at  low  tempera¬ 
ture,  trimethylhydroxysilane  is  formed.  The  yield  is  70^  of  theoretical. 

Preparation  of  Trimethylhydroxysilane  (Bibl.2).  An  ethereal  solution  of  tri- 
methylfluorosilane  (cf. p.457)  is  titrated,  under  strong  cooling,  with  an  NaOH  solu- 
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tion  to  a  neutral  reaction  with  phenolphthalein .  The  ethereal  layer  is  separated 
from  the  water,  the  aqueous  layer  is  twice  extracted  with  ether  in  100  ml  portions, 
and  the  ethereal  extracts  are  combined  and  fractionated.  Trimethylhydroxysilane 
boils  at  99° C  (734  mm). 

Hydrolysis  of  trimethylbronosilane  under  similar  conditions  leads  to  the  forma¬ 
tion  of  hexamethyldisiloxane. 

When  methylmagnesium  bromide  acts  on  polymeric  polydimethyl siloxane  .followed  by 
hydrolysis  of  the  reaction  products,  trimethylhydroxysilane  is  formed  (Bibl.3): 

[(CH,)tSiOJjr  +  xCHfMgBr - »  *(CH,),SiOMgBr 

(CH,),SiOMgBr  +  H.0 - *  (CH,),SiOH  +  MgBrOH 

Trimethylchlorosilane  reacts  with  liquid  ammonia  to  form  hexamethyliminodisilane, 
a  liquid  boiling  at  126°C  (758  mm). 

2(CH,)lSiCI  +  NH,  —  '  (CH,),SiNHSi(CH,),  +  2HCI 

On  hydrolysis  of  hexamethyliminodisilane  by  water  or  aqueous  alkali,  trimethyl- 
hydroxysilane  is  formed: 

(CH*),SiNHSi(CH,),  +  2H.O  —  —  2(CH,),SiOH  +  NH, 

On  the  acid  hydrolysis  of  hexamethyliminodisilane,  only  hexamethyldisiloxane  is 
formed. 

Hydrolysis  of  trimethylchlorosilane  by  an  excess  of  water  leads  to  the  formation 
only  of  hexamethyldisiloxane  (boiling  point  100°C).  Hydrolysis  of  an  ethereal  solu¬ 
tion  of  trimethylchlorosilane  by  a  20%  aqueous  KOH  solution  leads  to  an  azeotropic 
mixture  of  hexamethyldisiloxane  and  trimethylhydroxysilane . 

Trimethylhydroxysilane  is  obtained  when  a  mixture  of  polymeric  dimethylsiloxane 
and  methylmagnesium  iodide  in  a  dibutyl  ether  medium  is  heated  2  hours  on  a  water 
bath,  followed  by  hydrolysis.  It  has  the  odor  of  camphor.  It  is  dehydrated  on  boil- 
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ing  (under  a  reflux  condenser),  and  also  by  heating  with  dehydrating  agents. 

Dimethyldichloromethylhydroxysilane  ( CH^ ) 2( CHC12 ) SiOH  is  formed  in  slight  quan¬ 
tities  on  the  hydrolysis  of  dimethyldichloromethylchlorosilane  in  ethereal  solution 
by  ice  water.  Dimethyldichloromethylhydroxy  silane  is  a  liquid  with  the  boiling  point 
89°C  (40  mm). 

Triethylhydroxysilane  is  obtained  on  hydrolysis  of  triethylchlorosilane. 

Triethylhydroxysilane  may  be  prepared  by  alkaline  hydrolysis  of  triethylsilane- 
sulfatej 

(C*H,),SiOSOK)H  +  HgO - *  (CtH»),SiOH  +  HjSO, 

Triethylsilane  sulfate  is  obtained  by  the  action  of  20 %  oleum  on  hexaethyldi- 
siloxane,  according  to  the  reaction: 

(C,Hi)1SiOSi(CtHt)i  +  2HfSOt - *•  2(C,H,)tSiOS01OH  +  H.0 

Preparation  of  Triethylhydroxysilane.  To  600  ml  of  dry  ether,  151  g  of  trieth¬ 
ylchlorosilane  is  added,  and  the  solution  is  cooled  on  an  ice  bath. The  solution,being 
vigorously  agitated,  is  then  slowly  (30  min)  titrated  at  0°C  with  1  N  NaOH  solution 
to  neutral  in  the  presence  of  phenolphthalein.The  ether  layer  is  removed, and  the 
water  layer  is  twice  extracted  with  100  ml  portions  of  ether. The  combined  ethereal 
extracts  are  dried  with  calcined  potassium  carbonate  and  are  then  fractionated.  Re¬ 
sult  125  g  of  triethylhydrojqrsilane, boiling  point  77.5°C  (28  mm).  The  yield  is  95?. 

Preparation  of  Triethylsilane  Sulfate  (Bibl.A).  A  mixture  of  99  g  of  hexaethyl- 
disiloxane  and  56  g  of  oleum  is  stirred  for  30  min  at  room  temperature.  Then  10  g  of 
amnonium  sulfate  is  added  to  the  reaction  mixture,  and  it  is  again  stirred  for  2 
hours  at  room  temperature.  The  triethylsilane  sulfate  formed  is  extracted  from  the 
reaction  mass  with  pentane.  The  pentane  is  evaporated  off,  and  the  residue  is  frac¬ 
tionated  under  reduced  pressure.  Triethylsilane  sulfate  has  a  boiling  point  of  170°C 
(12  nni).  It  decomposes  partially  on  distillation. 
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a -Chloroethyldiethylhydroxysilane  is  formed  on  hydrolysis  of  a-chloroethyldieth- 
ylehlorosilane  by  alkali  (Bibl.5): 

(CH*CHCI)SI(C*H§)*CI  +  N«OH - »  N«CI  +  (CH,CHCI)SI(C*H»)^)H 

Preparation  of  a-Chloroethyldiethvlhydroxvsilane.  A  mixture  of  60  g  of a- 
chloroethyldiethylchloroai lane,  200  g  of  ice,  and  20  g  of  NaOH,  is  stirred  for  30 
min.  The  mixture  heats  up  during  the  stirring,  and  toward  the  end  of  the  process  it 
must  be  cooled  by  a  water  bath  with  ice.  The  reaction  product  is  extracted  three 
times  with  ether  in  portions  of  150  ml.  The  ethereal  extracts  are  washed  with  water, 
dried  with  anhydrous  magnesium  sulfate,  and  fractionated.  The  a  -chloroethyldiethyl- 
hydroxysilane  distils  at  101° C  (29  an).  The  yield  of  the  product  is  3/+%  of  theoret¬ 
ical. 

In  this  reaction  the  formation  of  disiloxane  is  not  observed,  which  speaks  for 
the  considerable  stability  of  « -chloroethyldiethylhydroxysilane.  Heating  of  the  pro¬ 
duct  with  aqueous  solutions  of  an  alkali  causes  cleavage  of  the  chloroethyl  group: 

(CH,CHCl)Si(CIHl)gCI  +  2H*0 - *  C.H.CI  +  (C^H.^KOH), 

The  diethyldihydroxysilane  that  is  farmed  is  condensed,  yielding  polymeric  pro¬ 
ducts. 

~  iphenylhydroxysilane  has  also  been  prepared  from  triphenylbromo silane  on  hydro¬ 
lysis  with  water  in  an  alkaline  medium  by  the  method  described  above: 

(C,HdtSIBr  +  KOH - *•  (Ctf,)£i(OH)  +  KBr 

Various  hydroxy s ilane s  have  been  prepared  by  the  action  of  strong  sulfuric  acid 
on  tetra-substituted  silanes  containing  a  single  phenol  group.  Cleavage  of  the  phen¬ 
yl  group  takes  place,  giving  the  corresponding  hyiroxysilane  (Bibl.6): 
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™,  /C*H» 

/Si' 

<%H,/  X.H, 


+  HjSC>4 


CH.v  ,C,H, 
>Si< 

C»H»'  n0H 


+  C,H,SO»H 


The  action  of  fuming  HC1  at  180° C  has  been  found  to  be  similar,  from  the  example 
of  the  formation  of  triethylhydroxy  silane  from  triethylphenylsilane. 

The  organodisiloxanes  are  hydrolyzed  on  heating  with  alkali,  and  are  converted 
into  hydroxysilanes  (Bibl.7,  8): 

'<■* I  !»>*SiOSi(CiH»)»  +  H.O - *  2(C,H,),SiOH 


A  large  number  of  mixed  hydroxys ilanes  can  be  prepared  by  hydrolysis  of  mixed 
chlorosilanes  or  mixed  tri-substituted  esters  of  orthosilicic  acid  in  an  alkaline 
medium: 


(C,H.)(C,H,)(C,H,)SiCI  +  H*0 - ►  (ClHt)(CtHT)(CiHi)SiOH  +  HQ 

(C,H,)(C*Ht)(C,Hf)Si(OC,H,)  +;H,0 - ►  (C,HT)fC4H,)(C,H,)SiOH  +  C.H.OH 

Physical  Properties 

Trimethylhydroxysilane  is  a  colorless  liquid  with  a  strong  odor  of  camphor  and 
a  neutral  reaction.  It  is  dehydrated  by  prolonged  distillation  under  atmospheric 
pressure;  but  when  rapidly  distilled  a  rather  pure  product  is  obtained.  Prolonged 
storage  at  room  temperature  leads  to  some  decomposition.  Trimethylhydroxysilane  is 
dehydrated  at  room  temperature  by  most  drying  agents.  The  action  of  activated  alu¬ 
minum  oxide  and  potassium  carbonate  on  trimethylhydroxysilane  at  room  temperature 
leads  to  the  formation  of  insignificant  quantities  of  hexamsthyldisiloxane.  The  oth¬ 
er  trialky  Id  ihydroxysilanes  are  colorless  liquids  with  a  pleasant  odor.  Only  tri- 
methyl-  and  triethy Ihydroxysilanes  are  partially  soluble  in  water.  All  the  trialk- 
y Ihydroxysilanes  are  readily  soluble  in  many  organic  solvents  -  alcohols,  benzene, 
toluene,  chlorinated  hydrocarbons,  and  ethers.  Distillation,  either  under  reduced 
pressure  or  under  atmospheric  pressure,  results  in  their  condensation. 
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Tbble  66 


Physical  Properties  of  Trialkyl-  and  Triarylhydroxysilanes 


a) 


Trimethylhydroxysi 1 ane 

Cimethyldichloro- 
hydroxysilane 
Tnethylhydroxy  sil  ane 

a-Qiloroethyldiethyl- 

hydroxysilane 

Tripropylhydroxyailane 

Triisopropylhydroxy- 

silane 

Tnbuty  lhydroxysi  1  ane 

Tri i so amy lhydroxy- 
silane 

Triphenyl  hydro xy- 
.  sil ane 

Tri-p-tolylhydroxy- 

ailane 

Tribenzy  lhydroxysi  1  ane 


Methyl ethy 

teas1 


propyl - 
ane 

phenyl* 


yjpi 

ane 


hydroxy si I 
Dieth^jphenylhydroxy- 

Methvl  di benzyl  hydro xy- 
EtSylpropylphenyl- 


ane 
benzyl- 

:yT 

ane 


hydroxysi 
Ethvlpropy 

hyaroxysi 

Phenvldicyplohexyl- 
hyaroxysilane 
F.thylisobutylbenzyl- 
hydroxysi  1  ane 
Diethylbenzylhydroxy- 

Metfiyfdiphenyl- 
hydroxysil  ane 


0,8112 


0,8647 


b) 

O 

"C 

"C 

(CHs),SiOH 

—  ’ 

100;  97  0 
(760  mm) 

(CHj)jCHCl»SiOH 

— 

89 

(40  mm) 

(CjH,)jSiOH 

— 

153-154  0 

(CH,CHCI)(CsH,)sSiOH  ! 

— 

150 

(200  mm) 

1 

195 

(Csl  17)jSiOH 

_ 

(760  mm) 
206— *08 

|(CH4dCHI£iOtl  • 

— 

207 

(C«Ht)jSiOII 

- 

|(CH:l)!CHCH,CH,l,Si(OH)  j 

_ 

270  ! 

(C,H,),SiOH 

156 

— 

(CHaC(H«)jSiOli 

too 

<C,H»CH,),SiOII 

104  —  106 

1 

(CM,HC^.KC,HT)SiOH 

— 

165-185 
(45  mm) 

(CH  »XC,H»XC«H»)SiOH 

115 

(17  mm) 

(C1H»)f(CtH»)SiOH 

165 

(60  mm) 

(CH,HC,HtCHt)^iOH 

— 

241 

(60  mm) 

(C,HlKQ.HTHC.Hi)SiOH 

— 

250 

(60  mm) 

(C.H,KC,H,KC.H.CHt)SiOH 

— 

155 

(25  mm) 

<C,H,XC,H,CH,)*SiOH 

210 

(25  mm) 

— 

165 

(40  mm) 

C,Ht(QH,XC.H,CH|)SiOH 

— 

162-164 
(25  mm) 

(E|H»)i(CfHjCHt)SiOH 

165 

(♦0  mm) 

(CH^XQH.XSiOH 

j 

165 

(45  mm) 

<• 


f) 


3,37 

22 

6,7 
I 'I 


23.24 

37 

11.37 

25.2*> 

27 

2i. 


28.29 
29 
29 

7 

37 

37 

38 

30,37 

28.29 
3« 


a)  Name;  b)  Formula;  c)  Melting  point;  d)  Boiling  point;  e)  Specific  gravity 

f)  Bibliography 
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The  triarylhydroxy  si lanes  are  crystalline  solids,  soluble  in  many  solvents  but 
insoluble  in  alcohols  and  ligroin.  Table  66  gives  certain  properties  of  the  hydroxy- 
silanes. 

The  monohydroxysilanes  recall  organic  alcohols.  Their  dipole  moments  are  some¬ 
what  lower  than  in  the  alcohols  (1.65  D),  but  higher  than  in  the  phenols  (1.40  D). 

The  dipole  moment  of  triethylhydroxysilane  is  1.50  D. 

Chemical  Properties 

The  chemical  properties  of  the  tertiary  alcohols  and  those  of  the  hydroxys ilane s 
are  different.  The  trialkyl-  and  triarylhydroxy silanes,  in  contrast  to  the  alcohols, 
have  a  tendency  to  condensation.  With  increasing  size  of  the  organic  radical,  the 
condensation  of  trialkylhydroxy silanes  into  hexaalkyldisiloxanes  becomes  somewhat 
more  difficult.  At  the  same  time  the  reverse  process  of  the  breaking  of  the  siloxane 
bond,  giving  trialkylhalosilanes,  is  facilitated.  The  reaction 


RgSiOSiR, 


+HjO 

-4?7o 


2R,SiOH 


HX 

£5 


2R,SiX 


for  hexamethyldisiloxane  is  markedly  shifted  toward  the  left.  When  triethylhydroxy- 
silane  is  treated  with  concentrated  HC1,  however,  its  condensation  into  hexaethyldi- 
siloxane  is  not  observed.  The  reaction  in  this  case  is  shifted  toward  the  right, 
and  the  triethylhydroxy silane  may  be  converted  into  triethylchlorosilane.  The  yield 
is  75$  of  theoretical.  Under  the  action  of  HBr,  triethylhydroxysilane  is  quantita¬ 
tively  converted  into  hexaethyldiailoxane;  and  no  triethylbromosilane  is  formed  in 
this  case. 

In  spite  of  the  relative  ease  of  condensation  of  trialkylhydroxysilanes  at  the 
instant  of  their  formation,  especially  in  acid  hydrolysis,  the  trialkylhydroxy¬ 
silanes,  once  isolated,  are  rather  stable.  When  triethylhydroxysilane  is  boiled  with 
water,  0.01N  HC1,  or  0.01N  alkali,  only  10#  of  it  is  dehydrated,  while  50#  of  tri- 
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methylhydroxysilane  is  dehydrated  under  the  same  conditions.  Passage  of  triethyl- 
hydroxy  silane  over  active  aluminum  oxide  at  360°C  results  in  only  8%  dehydration. 

The  hydrogen  in  the  hydroxyl  group  of  trialky lhydroxysilanes  is  capable  of  ire- 
acting  with  metallic  sodium,  forming  the  trialkylsodium-oxy silane:  the  sodium  deriva¬ 
tive  of  trimethylsilanol  (Bibl.9,  10): 

2(CH,),SK>H  +  2Na  - -  2(CH,),SiONa  +  H, 

\Jhen  a  trialky lhydroxy silane  reacts  with  sodium  in  a  solution  of  dry  xylene, 
hydrogen  is  liberated  quantitatively,  and  this  reaction  may  be  used  for  analytical 
purposes. 

On  the  action  of  concentrated  alkali  (12  N)  on  trimethylsilanol,  the  sodium  de¬ 
rivative  of  trimethylsilanol  is  formed,  and  is  thrown  doi.-n  as  a  white  precipitate. 

The  reaction  is  conducted  with  vigorous  stirring  and  cooling.  When  an  aqueous  sus¬ 
pension  of  the  sodium  derivative  of  trimethylsilanol  is  shaken  with  ether,  the  pre¬ 
cipitate  passes  over  into  the  ether  layer,  and  in  this  way  is  separated  from  the  wat- 

» 

er  layer.  The  precipitate  is  washed  with  ether,  and  dried  over  phosphorus  pentoxide. 
The  yield  of  the  product  is  87%  of  theoretical. 

The  sodium  derivative  of  trimethylsilanol  can  be  recrystallized,  with  difficul¬ 
ty,  from  an  ether-acetone  mixture.  It  melts  at  147  -  150°C,  with  partial  decomposi¬ 
tion.  On  the  acid  hydrolysis  of  the  sodium  derivative  of  trimethylsilanol,  hexameth- 
yldisiloxane  is  formed. 

The  literature  also  contains  indications  that  when  trimethylhydroxysilane  reacts 
with  lead  oxide,  hexamethylplumboxydisilane  is  formed: 

2(CH,),Si(OH)  +  PbO - •-  ((CH,),SiOJ,Pb  +  H,0 

At  an  elevated  temperature  and  pressure,  hexamethyldisiloxane  reacts  with  an  aqueous 
solution  of  alkali  to  form  methane  and  sodium  silicate. 

In  500  ml  of  3N  NaOH  solution,  0.5  mol  of  hexamethyldisiloxane  is  dissolved. 
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and  the  solution  is  heated  in  an  autoclave  at  200°C.  The  yield  of  methane  is  76$  of 
theoretical. 

Under  the  action  of  sulfuric  acid  on  trimethylchlorosilane,  hexamethylsulfondi- 
oxydisilane  is  formed. 

Preparation  of  Hexamethylsulfondioxydisilane.  To  23.8  g  of  trimethylchloro- 
silane  9.8  g  of  sulfuric  acid  is  added  dropwise,  with  vigorous  shaking.  HC1  is 
evolved  during  the  addition  of  the  sulfuric  acid,  and  in  consequence  the  mixture  is 
cooled  of  itself. 

After  all  the  sulfuric  acid  has  been  added,  the  reaction  mixture  is  fractionar- 
ted.  The  87  -  90°C  (A  mm)  fraction  is  hexamsthylsulfondioxysilane ,  a  white  crystal¬ 
line  substance  of  the  a.p.  45  -  46 °C.  When  this  substance  is  fractionated  at  higher 
pressures  and  temperatures,  energetic  decomposition  and  oxidation  of  the  product  was 
observed. 

Triethylhydroxy silane  reacts  with  38$-HCl  to  form  triethylchlorosilane.  Under 
the  action  of  strong  HBr  under  the  same  conditions,  only  hexaethyldisiloxane  is  ob¬ 
tained. 

Conversion  of  triethylhydroxysilane  into  triethylchlorosilane.  Into  a  flask 
provided  with  a  stirrer,  450  ml  of  concentrated  HC1  is  poured.  Under  strong  cooling 
with  ice  and  stirring,  66  g  of  triethylhydroxysilane  is  added  to  the  acid.  The  mix¬ 
ture  is  stirred  1  hour.  The  upper  layer  is  then  taken  off,  thoroughly  dried  with  an¬ 
hydrous  zinc  chloride,  and  fractionated  in  a  column,  yielding  58  g  of  triethylchloro¬ 
silane;  boiling  point  145°C  (729  mi).  The  yield  is  77$  of  theoretical. 

Heating  of  triethylhydroxysilane  with  acetic  anhydride  produces  triethylacetoxy- 
silane. 

For  this  purpose  26.4  g  of  triethylhydroxysilane  is  mixed  with  20.4  g  of  acetic 
anhydride,  and  the  mixture  is  heated  12  hours  on  the  water  bath  at  100°C.  Fraction¬ 
al  distillation  yields  26.2  g  of  triethylacetoxysilane;  boiling  point  167°C  (726  ran). 
The  yield  is  76$  of  theoretical. 


F-TS-9191/V 


602 


When  triethylhydroxysilane  is  boiled  6  hours,  dehydration  does  not  occur* 

The  sodium  derivative  of  triisoanylsilanol  [(CH^CHCH^CHgJ^SiONa  has  been  ob¬ 
tained  by  reacting  triisoanylsilanol  with  sodium  (Bibl.ll) . 

When  acetyl  chloride  acts  on  triethylhydroxysilane,  (CgH^SiOCOCH^  triethyl- 
acetoxysilane  is  formed  (Bibl.12). 

Numerous  studies  of  the  action  of  acetyl  chloride  on  triphenylhydroxysilane  have 
shown  that  this  reaction  proceeds  with  chlorination  of  that  compound: 

(C«H«)tSi(OH)  +  CHjCOCI - *  (C,H,),SiCI  +  CH.COOH 

On  heating  in  an  acid  medium,  the  hydroxy  silanes  condense  readily  to  form 
dimers. 

In  comparing  the  properties  of  triphenylcarbinol  and  triphenylsilanol,  Ipatiyev 
and  Jolgov  hydrogenated  them.  They  found  that  triphenylcarbinol  is  completely  hydro¬ 
genated  to  tricyclohexylmethane;  triphenylsilanol  is  not  hydrogenated  under  the  same 
conditions,  but  is  completely  converted  to  hexaphenyldisiloxane: 

2(C|H()tSi(OH) - *  (C,H,)|Si — O — Si(C,H,),  +  1 IjO 

Experiments  on  the  reduction  of  triphenylsilanol  to  triphenylmonosilane  perform¬ 
ed  by  the  same  authors  showed  that  the  reduction  takes  place  only  when  zinc  dust  and 
acetic  acid  are  used.  A  small  amount  of  an  oily  substance  resembling  triphenylsilane 
was  obtained. 

An  attempt  to  prepare  phenylurethane  by  heating  triphenylsilanol  with  phenyl 
isocyanate  did  not  succeed.  The  reaction  formed  hexaphenyldisiloxane,  carbon  diox¬ 
ide,  and  sym-diphenylurea  instead: 

2(C|Hf)tSiOH - *  2C,H,CNO - -  (C,H,),Si05i(C,H,)t  +  CO.  +  CCHNHC.H,), 

A  study  of  the  activity  of  the  hydroxyl  group  of  trimethylsilanol  and  triethyl- 
silanol  as  compared  to  that  of  the  hydroxyl  group  in  tertiary  organic  alcohols  is  of 
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interest 


The  reaction  of  metallic  sodium  with  triethylsilanol  dissolved  in  xylene  is  ac¬ 
companied  by  the  quantitative  liberation  of  hydrogen  (Bibl.15);  while  no  hydrogen  is 
liberated  by  the  reaction  with  triethylcarbinol.  After  triethylsilanol  i3  boiled  11 
hours  with  alkali  solutions,  90%  of  the  trimethylsilanol  still  remains  unreacted,  and 
can  easily  be  distilled.  When  a  small  quantity  of  concentrated  HCl  is  added  to  tri¬ 
ethylsilanol,  hexaethyldisiloxane  is  obtained  in  50%  yield.  Trimethylsilanol  is  con¬ 
verted  to  the  dimer  with  considerably  greater  ease. 

Table  67  gives  the  physical  properties  of  various  esters  of  trimethylsilanol  and 
other  derivatives  of  the  trialkyl-  and  triarylsilanols. 

Table  67 

Physical  Properties  of  Certain  Derivatives  of  Trialkyl- (aryl)-silanols 


Tr i me thy 1  sodium- 
oxysilane 
Tnmethyl  acetoxy- 

Trietfiyf  ace toxy si 1 ane 
Tripropyl acetoxy- 

Trfpienyl acetoxy- 
si 1 ane 

llexamethyldi- 
siloxanesul fate 
Mexaethy 1 di si 1 oxane- 
sulfate 
Hexamethyl di- 
si  loxanephosp 


isphate 


b)  ! 

c) 

■c 

<0 

•c 

e) 

(CH3)3SiONa 

3 

7 

■*r 

15 

(OUiSiOCOCH, 

103 

41 

(CjHjI^iOCOCH, 

■- 

168 

41 

(C.1H?)JSiOC(XH:i 

— 

214 

41 

<C,H,),SiOCOCH3 

41  ,5 

— 

41 

((CH,)^iO]^Of 

1  45 

— 

1  a  | 

KQH.^iOJ^O, 

1  • 

170  (12  mm) 

41 

((CH,),SiO|,PO, 

i 

86  (4  mm) 

41 

a)  Marne;  b)  Formula; 


c)  Melting  point,  °C;  d)  Boiling  point,  °C; 


e)  Bibliography 


Organo silane  diol s 

The  organosilanediols  are  the  fundamental  monomers  of  the  substances  whose  poly¬ 
condensation  leads  to  the  formation  of  linear  polyorganosiloxanes  of  high  molecular 
weight,  or  to  cyclic  products.  This  explains  the  exceptional  importance  of  the  or- 
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ganosilanediols  in  the  synthesis  of  elastic  high-molecular  organosilicon  compound. 

Organosilanediols  are  most  easily  prepared  by  hydrolysis  of  alklyl-  or  aryl- 
chlorosilanes  in  an  alkaline  medium,  or  by  hydrolysis  of  di-substituted  esters  of 
orthosilicic  acid,  and  of  dialkyldiacetoxysilanes: 

RiSiCI,  -r  211,0 - *RjSi(OH),  +  2HCI 

R*Si(OR),  +  2H,0 - ►  R,Si(OH),  +  2R0H 

R,Si(OCOCH,),  2H,0 - *•  R,Si(OH),  +  2CH.COOH 

As  a  rule,  processes  of  polycondensation  also  occur  during  the  process  of  hydro¬ 
lysis,  so  that  up  to  new  it  has  been  possible  to  prepare  only  a  limited  number  of  re¬ 
presentatives  of  the  organosilanediols  in  the  pure  form,  and  even  at  that,  in  low 
yield. 

The  dialky lsilanediols  are  obtained  only  if  the  reaction  is  conducted  cautious¬ 
ly,  under  mild  conditions.  Thus,  for  instance,  on  mixing  an  ether  solution  of  dieth- 
yldichlorosilane  with  1.5N  NaOH  solution  at  a  temperature  not  over  0°C,  it  is  possi¬ 
ble  to  prepare  diethylsilanediol,  boiling  point  140°C,  melting  point  96°C.  It  is 
very  labile,  and  condenses  on  distillation.  It  is  soluble  in  water  and  oxygen- 
containing  organic  solvents  (Bibl.16).  In  the  pure  form  it  is  stable  at  room  tem¬ 
peratures. 

depending  on  the  conditions  of  hydrolysis,  diphenyldichlorosilane  may  yield 
crystalline,  amorphous,  or  oily  products  (Bibl.17). 

To  prepare  tetraphenylhydroxydisiloxane  and  hexaphenyldihydroxytrisiloxane,  the 
partial  hydrolysis  of  diphenyldichlorosilane  is  first  effected.  The  incompletely 
hydrolyzed  products  are  then  separated  and  subjected  to  final  hydrolysis. 

Partial  Hydrolysis  of  Dichenyldichlft^gdlafia.  in  1000  ml  of  ether  U  mols  of 
diphenyldichlorosilane  is  dissolved,  and  a  solution  of  2  mols  of  water  in  Z,00  ml  of 
dioxane  is  then  added  dropwise  under  vigorous  stirring.  After  addition  of  the  solu¬ 
tion  of  water  in  dioxane,  dry  nitrogen  is  blown  through  the  reaction  mixture  to  re¬ 
move  the  HC1.  The  solvents  are  distilled  off,  and  the  residue  is  fractionated  under 
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reduced  pressure.  The  fraction  boiling  at  238  -  24l°C  (1  no)  is  redistilled,  and 
then  recrystallized  from  hexane.  Tetraphenyldichlorodisiloxane  crystallizes  in  waxy 
hexagonal  prisms  of  melting  point  38°C  and  boiling  point  238  -  24l°C  (1  mm).  The 
fraction  boiling  at  290  -  303°G  (1  mo)  contains  a  certain  quantity  of  hexaphenyldi- 
chlorotrisiloxane  mixed  with  hexaphenylcyclotrisiloxane.  These  two  products  are  sej>- 
arated  by  extracting  the  hexaphenyldichlorotrisiloxane  with  heptane. 

If  1.5  mol  of  diphenyldichloro silane  per  mol  of  water  are  taken  for  hydrolysis, 
the  yield  of  hexaphenyldichlorotrisiloxane  is  increased,  while  that  of  tetraphenyl¬ 
dichlorodisiloxane  is  reduced.  At  the  same  time  the  yield  of  hexaphenylcyclotri¬ 
siloxane  is  somewhat  increased. 

'.Then  the  molar  ratio  between  diphenyldiehlorosilane  and  water  is  1  j  1  or  0.67  • 

:  1,  polydiphenyldihydroxysiloxane  is  not  formed.  In  these  cases  the  reaction  pro¬ 
duct  consists  almost  exclusively  of  hexaphenylcyclotrisiloxane.  The  formation  of 
this  compound  in  the  products  of  partial  hydrolysis  indicates  that  monomeric  diphen¬ 
yls  ilanediol  is  formed  by  the  hydrolysis  of  diphenyldiehlorosilane,  and  subsequently 
undergoes  condensation. 

It  may  likewise  be  postulated  that  the  formation  of  cyclic  products  is  encour¬ 
aged  by  the  phenyl  groups  which  are  responsible  for  a  position  of  the  valence  angle 
of  the  0  -  Si  -  0  bond  at  which  ring  closure  is  facilitated. 

Tetraphenyldichlorodisiloxane  is  hydrolyzed  by  the  method  that  has  been  describ¬ 
ed  for  the  preparation  of  diphenyldisilanol.  The  rate  of  hydrolysis  of  tetraphenyl¬ 
dichlorodisiloxane  is  an  eighth  of  the  rate  of  diphenyldiehlorosilane.  The  hydroly¬ 
sis  may  be  accelerated  somewhat  by  separating  the  water  layer  several  times  during 
the  process  and  replacing  it  by  fresh  water,  Tetraphenyldihydroxydisiloxarie  may  be 
recrystallized  from  a  mixture  of  benzene  and  n- pentane.  Its  melting  point  is  113  - 
114° C.  The  yield  of  product  from  20  g  of  tetraphenyldichlorodisiloxane  is  17  g,  or 
9 2%  of  theoretical. 

Hexaphenyldichlorotrisiloxane  is  hydrolyzed  by  the  method  described  for  the  pre- 
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paration  of  diphenylsilanediol  (cf.  p.568).  In  this  case  the  process  of  hydrolysis 
takes  two  days.  Hexaphenyldihydroxytrisiloxane  may  be  recrystallized  from  boiling 
pentane;  melting  point  U1°C. 

The  fraction  obtained  on  molecular  distillation  of  the  residue  after  the  partial 
hydrolysis  of  diphenyldichlorosilane  was  subjected  to  hydrolysis,  but  no  crystalline 
products  could  be  obtained  from  it  even  under  this  treatment.  Only  oily  products 
were  obtained. 


Table  68 


Physical  Properties  of  Dialkyl-(diaryl)-silanediols 


A) 


I 


Dimethyl ail anediol 
Diethyl ail anediol 

Diphenylail anediol 

Dibenzylsil  anediol 
Di^yc johexylail ane- 

Phfyy 1 c^plohexy 1 - 
Ci^p-^olyf  Jailane- 

F.thy?phenyl  si  1  anediol 
Ethylbenzyl  si  1  anediol 

tert<butylmethyl  - 
ail  anediol 

tert-rVitylbutyl- 

sil anediol 
tert-aitvl  (phenyl )  - 

tert-ffityl?hexadecyl )- 
ail anediol 
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(0«l  lj)*Si(0|  !)„ 
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(QHulaSKOU),  ! 
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e)  Bibliography 


Physical  Properties 

The  dialkyld isilanols  and  diaryldisilanols  are  crystalline  substances,  readily 
soluble  in  many  organic  solvents;  only  dimethyl-  and  diethy Isilanols  are  soluble  in 
water.  The  dialkylsilanediols  condense  on  long  storage  or  heating,  and  gradually 
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pass  over  into  liquids  of  increasing  viscosity,  and  then  into  resinous  products. 

Table  68  gives  the  melting  points  and  boiling  points  of  dialkyl-(diaryl)-silanediols. 

Chemical  Properties 

Dimethylsilanediol  and  diethylsilanediol  are  soluble  in  water.  Slight  cleavage 
of  water  takes  place  on  heating.  Under  the  action  of  acids,  even  in  the  cold,  they 
condense  to  form  polymers.  The  diarylsilanediols  are  more  stable,  but  even  they  are 
readily  condensed.  Thus,  for  instance,  when  10  g  of  diphenylsilanol  in  150  ml  of 
ether  is  heated  3  hours  in  the  presence  of  5  nl  of  concentrated  HC1,  it  is  converted 
into  hexaphenylcyclotrisiloxane.  If  1  to  2  drops  of  an  aqueous  solution  of  an  alka¬ 
li  are  added  to  a  boiling  solution  of  diphenylsilanediol  in  95$  ethanol,  oetaphenyl- 
cyclotetrasiloxane  is  thrown  down  on  cooling. 

Diphenylsilanediol,  according  to  various  authors,  has  a  melting  point  that  var¬ 
ies  according  to  the  rate  of  temperature  rise.  Thus,  at  a  rate  of  2°C/minute,  its 
melting  point  is  155°C,  while  it  softens  at  135°C.  According  to  other  data,  diphen- 
ylsilanediol  has  a  melting  point  of  132,  139,  or  140°C.  It  can  be  easily  recrystal¬ 
lized  from  hot  ethanol,  followed  by  precipitation  by  benzene.  Treatment  of  a  hot  al¬ 
coholic  solution  of  diphenylsilanediol  with  a  small  quantity  of  ammonia  leads  to  the 
formation  of  the  cyclical  trimer.  If  a  solution  of  diphenylsilanediol  in  methanol 
is  allowed  to  stand  for  two  weeks  in  the  presence  of  1  drop  of  concentrated  HCl,  a 
solid  crystalline  product  is  formed,  which  after  recrystallization  from  a  benzene- 
ethanol  mixture  has  a  melting  point  of  197  -  198°C.  This  product  contains  linear 
dimers  and  trimers.  A  certain  quantity  of  cyclic  trimer  can  also  be  separated  from 
it  by  crystallization  from  a  benzene-ethanol  mixture  in  suitable  proportions. 

A. solution  of  diphenylsilanediol  in  ethanol  with  a  few  drops  of  ammonia  water 
forms  a  crystalline  mass  after  standing  17  days.  The  melting  point  of  the  crystals 
is  161°C,  and  is  not  raised  by  recrystallization.  Their  molecular  weight  of  299 
does  not  correspond  to  any  condensation  product  of  diphenylsilanediol. 
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The  most  interesting  property  of  the  silanediols  is  their  exceptional  power  of 
condensing  to  form  polymeric  compounds,  which  are  either  of  linear  or  cyclic  struc¬ 
ture,  depending  on  the  conditions.  It  has  been  established  that  polymers  of  cyclic 
structure  may  be  converted  into  linear  ones,  and  conversely.  Thus  cyclic  polymers 
may  be  converted  into  linear  polymers  by  the  action  of  alkalies  or  acids  on  a  solu¬ 
tion  of  the  polymer.  Polymers  of  linear  structure  pass  over  into  cyclic  polymers  on 
heating. 

The  condensation  of  silanediols  under  suitable  conditions  leads  to  the  formation 
of  polymers  of  molecular  weight  up  to  50,000  -  70,000  or  higher. 

Cyclic  compounds  containing  aromatic  and  aliphatic  radicals  are  very  stable  sub¬ 
stances,  and  are  soluble  in  organic  solvents;  some  of  them  have  definite  melting 
points,  which  increase  as  their  structure  becomes  more  complex.  In  mixtures  with 
liquid,  oily  condensation  products,  some  cyclic  products  form  mixtures  resembling 
vaseline. 

Silanediols  dissolve  under  the  action  of  alkalies.  They  separate  out  of  such 
solutions  under  the  action  of  acids,  which  indicates  their  power  to  form  salts.  Ilany 
silanediols  are  condensed  under  the  action  of  alkalies,  however,  and  either  do  not 
form  salts  at  all, or  form  them  only  on  the  end  groups  of  the  polymers. 

Reagents  such  as  acetyl  chloride  or  phosphorus  pentachloride  chlorinate  the 
silanediols. 

Organosilanetrlols 

In  view  of  the  exceptional  tendency  of  monomeric  silanetriols  to  undergo  poly¬ 
condensation,  even  without  heating,  only  two  compounds  have  been  isolated  from  them: 
phenylsilanetriol  (Bibl.42)  C^HjSi(OH)^,  melting  point  18C°J,  and  dichlorophenyl- 
silanediol  O^HjCLjSiCOH)^,  melting  point  188°C,  both  of  them  obtained  by  me,  in  col¬ 
laboration  with  A.A.Zhdanov,  by  hydrolysis  of  phenyl-  and  dichlorophenyltrichloro- 
silanes.  In  the  very  first  stages  of  the  synthesis,  however,  the  organosilanetriols 
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forn  polymers  in  the  forn  of  viscous  liquids,  which  harden  into  a  glassy  mass  (Bibl. 
1).  To  prepare  space  polymers,  dialkyl-  or  diarylchlorosilanes  or  disubstituted  es¬ 
ters  of  orthosilicic  acid  are  ordinarily  hydrolyzed  together  with  alkyl-  or  aryltri- 
chlorosilanes  or  mono- substituted  esters  in  a  single  process. 

According  to  the  conditions  under  which  the  hydrolysis  of  trifunctional  com¬ 
pounds  is  run,  polymers  of  consistency  ranging  from  viscous  liquids  to  vitreous  sol¬ 
ids  or  powders  are  obtained.  Products  of  a  low  degree  of  polycondensation  are  solu¬ 
ble  in  ether,  benzene,  acetone,  dichloroethane,  chlorobenzene,  etc.;  insoluble  in  wa¬ 
ter;  and  difficultly  soluble  in  hot  alkali,  forming  polymer  salts. 

./hen  phenyltrichlorosilane  is  hydrolyzed  by  steam,  a  hard  vitreous  substance  in¬ 
soluble  in  the  usual  organic  solvents  is  formed.  On  hydrolysis  with  weak  cold  ammo¬ 
nia  water  at  0°C,  a  mucilaginous  product  is  formed,  but  if  the  hydrolysis  is  conduct¬ 
ed  at  room  temperature,  then  the  product  is  obtained  in  the  form  of  a  powder  that  is 
poorly  and  only  partially  soluble  in  ether.  Hydrolysis  of  phenyltrichlorosilane  by 
aqueous  KOH  yields  a  solution  of  the  corresponding  salt,  from  which  a  resin  is  sepa¬ 
rated  on  treatment  with  C02  at  0°C.  If  the  precipitation  by  C02  is  carried  out  at 
room  temperature,  a  precipitate  only  slightly  soluble  in  ether  i3  thrown  down.  Mo¬ 
lecular  weight  determinations  show  that  the  most  soluble  fraction  consists  of  4,  -  5- 
unit  polymers.  The  less  soluble  fractions  contain  6-7  units.  On  hydrolysis  of 
the  chloride  by  ice  water  (without  using  a  solvent)  most  of  the  product  remains  in 
the  solution.  This  shows  that  phenylsilanetriol,  which  is  soluble  in  water,  is  form¬ 
ed  as  an  intermediate  product  of  hydrolysis.  If  an  alkaline  solution  of  phenyl¬ 
silanetriol  is  neutralized,  a  gel  is  formed  in  a  few  hours.  A  mucilaginous  product 
is  separated  from  the  ethereal  solution  obtained  by  extraction  of  the  freshly  acidi¬ 
fied  product  by  ether.  Introduction  of  ammonium  chloride  j-'o  an  alkaline  solution 
of  the  product  produces  a  white,  flocculent  precipitate,  w;ih  very  low  solubility  in 
ether  (Bibl. 20). 

On  hydrolysis  of  benzyltrichlorosilane  by  steam,  a  white  rr  'cipitate  melting  at 
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60  -  70°  3  is  formed.  Hydrolysis  of  propyltrichlorosilane  by  ice  wit  or  gives  a  resin 
soluble  in  aromatic  hydrocarbons,  ether  and  other  solvents.  It  is  also  soluble  in 
alkalies,  and  the  crystalline  sodium  salt  can  be  isolated  from  this  solution. 

On  hydrolysis  of  phenyltrichlorosilane,  benzyltrichlbro silane,  and  naphthyltri- 
chlorosilane,  Koton  obtained  vitreous  polymers  (Bibl.21). 

In  isolated  instances,  with  the  object  of  preparing  hard,  brittle,  insoluble 
and  infusible  polymers,  hydrolysis  of  pure  alkyl-  or  aryltrichlorosilanes  cr  mono- 
substituted  esters  of  orthosilicic  esters  is  conducted. 
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CHAPTER  VIII 


SILICON  COMPOUNDS  CONTAINING  NITROGEN, 
SULFUR  AND  OTHER  ELEMENTS 


Silicon  Compounds  Containing  Nitrogen 

The  organic  silicon  compounds  containing  nitrogen  directly  bound  to  the  silicon 
constitute  a  rather  extensive  group  of  substances. 

These  compounds  are  distinguished  by  elevated  thermal  stability  owing  to  the 
fact  that  the  energy  of  the  Si  -  N  bond  is  greater  than  the  energy  of  the  Si  -  H  and 
Si  -  C  bonds,  and  is  smaller  only  than  the  energy  of  the  Si  -  0  and  Si  -  F  bonds. 

The  nitrogen-containing  organic  silicon  compounds  may  be  divided  into  the  fol¬ 
lowing  classes: 

1.  Alkyl- (aryl )-aminosilanes. 

2.  Alkoxy-(aryloxy)-aminosilanes. 

3.  Alkyl- (aryl)-aminohalosilanes. 

&.  Alkyl- (aryl)-iminosilanes. 

5.  Alkyl- (aryl)-aminoalkylsilanes. 

6.  Silicon  isocyanates. 

To  familiarize  the  reader  with  the  properties  of  the  nitrogen-containing  inor¬ 
ganic  compounds  of  silicon,  which  very  often  serve  as  the  starting  materials  in  the 
synthesis  of  nitrogenous  organosilicon  compounds,  we  give  certain  properties  of  the 
silicon  nitrides  and  of  the  aminosilanes. 
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Silicon  Nitrides 


The  silicon  nitrides  are  prepared  by  roasting  silicon  in  a  current  of  nitrogen 
at  1300  -  1400° C  and  are  of  the  composition:  Si^^,  Si^N^ ,  etc.  (Bibl.l). 

Silicon  nitride,  Si^N^,  was  first  prepared  as  long  ago  as  1844*  by  roasting  a 
mixture  of  silicon  and  potassium  cyanide  (Bibl.2).  The  brittle  substance  so  obtained 
lecomposes  under  the  action  of  water,  like  all  nitrides,  forming  ammonia  and  silicon 
dioxide: 

Si,N,  +  6HsO  — *  3SiOj  +  4NHS 

When  a  mixture  of  crystalline  silicon  and  freshly  calcined  powdered  coal  is 
roasted  in  a  current  of  nitrogen,  a  pale  bluish  mass  of  "silicon  nitride"  is  formed 
(Bibl.4). 

The  method  recommended  for  the  industrial  production  of  silicon  nitrides  is  to 
heat  a  mixture  of  oxygen  compounds  of  silicon  and  a  metallic  oxide,  or  iron,  in  a 
current  of  nitrogen  (Bibl.3). 

White,  amorphous  silicon  nitride  is  also  obtained  by  the  action  of  ammonia  on 
chlorosilanes  (Bibl.5).  This  product  does  not  melt  at  high  temperatures,  and  does 
not  change  in  air;  it  reacts  with  molten  KDH  to  form  ammonia  and  potassium  silicate. 
Under  the  action  of  molten  potassium  carbonate  on  silicon  nitride,  potassium  cyanate 
is  formed,  and  with  an  excess  of  nitride,  potassium  cyanide  as  well. 

Silicon  nitride  reacts  energetically  with  Pb^O^  (taking  fire);  giving  off  nitro¬ 
gen  oxides. 

When  silicon  nitride  is  roasted  in  a  jet  of  nitrogen,  carbonitrosilicon  is 
formed  (Bibl.6). 

When  a  compound  of  the  composition  is  heated  to  1200  -  1400°C  in  a 

stream  of  nitrogen,  the  silicon  nitride  Si^N^  is  formed: 

3Si?N,I  I  2Si,N«  +  M  I, 
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The  nitride  Si^N^  is  white,  the  nitride  SiN  is  green  (Bibl.7). 

The  simplest  nitride  (the  analog  of  cyanogen)  is  a  polymeric  product  of  composi¬ 
tion  (Si^^x*  It  has  been  prepared  on  heating  polymeric  diimidoiminodisilane  to 
400° C  (Bibl.8). 

HN  =  Si  —  Si  =  NH’ 

\/  MSiiN,),  +  *NH, 

Nil  x 

In  spite  of  the  great  thermal  stability  of  the  polymer  so  formed,  its  high  sen¬ 
sitivity  to  oxygen  is  characteristic  of  this  compound.  Simple  contact  with  moist  air 
is  sufficient  to  decompose  it.  The  process  is  accompanied  by  strong  heating  and  evo¬ 
lution  of  ammonia.  Such  polymeric  compounds  have  little  described  in  the  literature. 
There  are  only  references  to  the  existence  of  polymeric  compounds  of  the  type 
(Si2N2)x. 

All  silicon  nitrides  are  white  or  green  solids,  powders  or  brittle  substances. 
All  of  them  are  highly  refractory. 

The  nitrides  Si^N^,  SiN,  and  (SijNg)*  are  unaffected  by  dilute  mineral  acids. 

HP  decomposes  them  with  difficulty.  Steam,  even  at  800°C,  acts  only  slightly  on  some 
nitrides.  The  heat  of  formation  of  Si^N^  is  159.3  kcal.  The  manufacture  of  silicon 
cyanides  and  cyanamides  from  silicon  nitrides  has  recently  been  proposed  (Bibl.9). 

The  nitrides  today,  however,  are  not  of  great  industrial  importance. 

The  nitrides  of  silicon  have  been  little  studied.  The  data  in  the  literature 
are  very  contradictory.  This  is  true  of  the  composition  and  structure  of  the  silicon 
nitrides  and  of  their  chemical  stability.  Many  works  state  that  they  are  sensitive 
to  moisture  and  acids;  others  assert  the  opposite.  This  is  probably  to  be  explained 
by  the  fact  that  different  investigators  have  characterized  products  of  different 
degrees  of  polymerization,  containing  not  only  nitrogen  but  also  hydrogen,  for  in¬ 
stance  compounds  of  the  type  of  diimidoiminodisilane 
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HN  -•=  Si  -Si  =  NH 
/ 

NH 


as  individual  nitrides  of  silicon. 


Aminosilanes 


The  aminosilanes  are  obtained  from  the  corresponding  halogen  compounds  of  sili¬ 
con  and  anmonia  or  amines. 

This  class  includes  the  compounds: 

SiHylHj  monoaminosilane 

SiH2(NH2)2  diamino silane 

SiHCNHj^  triaminosilane 

Si(NH2)^  tetraaminosilane 

Monoaminosilane  and  tetraaminosilane  have  been  rather  well  studied.  Diamino- 
silane  and  triaminosilane  have  not  yet  been  isolated  in  monomeric  form. 

The  aminosilanes,  like  the  organic  amines,  may  have  primary,  secondary  and  ter¬ 
tiary  amino  groups: 

SiH^NI^  monoaminosilane 

(SiH^JgNH  aminodisilane 

(SiH^N  aadnotrisilane 

Aminoailanes  are  easily  prepared  by  the  action  of  anmonia  on  monochlorosilane. 

According  to  the  quantities  of  the  reacting  substances,  different  compounds  of 
the  aminosilane  series  are  obtained.  With  an  excess  of  anmonia,  both  solid  and  gas¬ 
eous  compounds  are  formed.  The  reaction  proceeds  best  of  all  when  an  excess  of  mono¬ 
chlorosilane  is  used: 


3SiH,CI  +  4NH,  -  <SiH,),N  +  3NH«CI 

The  formation  of  aminoailanes  is  believed  to  proceed  in  several  stages. 
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At  first,  aminosilane  is  obtained  in  predominating  quantity,  followed 

by  monoaminosilane  H^SiNHj  and  aminotrisilane  (H^Si)^!!. 

The  reaction  proceeds  according  to  the  following  mechanism: 


2H,SiCl  +  3NH, - ►  (HsSi)2NH  +  2NH«C1 

I  I3SiCl  +  2N1I, - »-  HjSiNHj  +  NH«CI 

3H,SiCl  +  4N1 1, - »>  (HjSi)jN  +  3NH«C1 

Dichlorosilane  reacts  with  an  excess  of  ammonia  at  normal  temperatures  to  form 
polymeric  products: 


SiHsCI,  +  3NI 1,  -  +  HjSi  =  NH  +  2NH,Cl 

XHjSi  “  NH - >  (H.SiNH], 

The  degree  of  polymerization  of  the  product  is  found  to  be  7  to  8  (determined  by  the 
lowering  of  the  freezing  point  in  benzene).  The  presence  of  products  of  a  greater 
degree  of  polymerization  is  also  possible. 

Aminodisilane  (SiH^JjNH,  by  cleavage  of  SiH^,  is  evidently  able  to  be  converted 
into  aminosilane  SiH^NH,  which,  like  CH^IH,  has  not  been  isolated  in  the  monomeric 
state.  Aminosilane  is  thus  transformed  into  various  polymeric  products. 

Tetraaminosilane  is  obtained  by  the  action  of  ammonia  on  halogen  compounds  of 
silicon: 


S1CI4  +  8M  I, - *  Si(NI  I5)4  +  4NH«CI 

Tetraaminosilane  was  first  prepared  by  Longfeld  (Bibl.lO)  by  the  reaction  of 
SiCl^  with  ammonia  in  an  atmosphere  of  dry  nitrogen. 

Preparation  of  Tetraaminosilane.  A  benzene  solution  of  ammonia  is  mixed  with 
SiCl^  in  an  apparatus  filled  with  dry  nitrogen,  carefully  protected  against  the  ac¬ 
cess  of  air  and  moisture.  The  flocculent  white  powder  formed  is  transferred  by 
means  of  a  nitrogen  jet  into  a  large  receiver.  A  separating  funnel  may  be  used  for 
this  purpose.  A  layer  of  cotton  wool  is  placed  in  the  receiver  (at  the  narrow  end), 
and  the  precipitate  is  washed  with  benzene  or  ligroin.  The  apparatus  must  be  so 
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mounted  that  the  washing  can  be  done  without  access  of  air.  The  receiver  is  provid¬ 
ed  with  a  jacket  for  hot  water,  and  is  connected  to  a  pump,  which  aspirates  a  stream 
of  nitrogen  over  the  precipitate.  The  reaction  is  conducted  at  80  -  90°C,  under 
pressure  of  25  -  30  mm.  After  washing,  the  precipitate  is  dried.  The  final  removal 
of  the  solvent  is  accomplished  by  grinding  the  precipitate  to  powder  and  a  second 
drying  under  reduced  pressure. 

determination  of  Silicon.  The  silicon  content  of  the  compound  so  obtained  is 
determined  by  treatment  with  fuming  nitric  acid  and  weighing  the  silicon  dioxide. 

determination  of  Chlorine.  To  determine  the  quantity  of  admixture  of  chlorine- 
containing  compounds  in  the  tetraaminosilane,  it  is  added  to  an  aqueous  solution  of 
nitric  acid  and  silver  nitrate,  and  the  mixture  is  allowed  to  stand  overnight. 

The  precipitate  thrown  down  is  dissolved  in  KCN,  and  the  silver  is  then  depos¬ 
ited  electrolytically,  or  dissolved  in  amnonia,  again  precipitated  with  nitric  acid, 
and  then  converted  into  silver  chloride. 

determination  of  Nitrogen.  The  nitrogen  is  determined  by  two  methods: 

(a)  decomposition  by  water,  followed  by  titration  of  the  ammonia: 

Si  (NH,)«  +  «H,0  - *•  Si(OH)4  -  4NH, 

(b)  decomposition  with  NaOH,  followed  by  titration  of  the  amnonia: 

Si  (NH,)«  +  4KOH - »  Si(OK)«  +  4NII, 

In  the  former  case  the  nitrogen  split  off  by  the  water  is  determined,  in  the  latter 
case,  the  total  nitrogen. 

Tetraaminosilane  has  also  been  prepared  by  other  authors,  by  reacting  Sidl; 
with  amnonia  below  0°C  (Bibl.ll). 

Tetraaminomonosilane  is  a  full  amide  of  orthosilicic  acid.  It  is  a  white,  amor¬ 
phous  substance,  unstable  above  0°C.  It  is  easily  decomposed  by  water  into  ammonia 
and  silicon  dioxide: 
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Si(NH|)«  +  211*0 - ►  SiO*  +  4NH, 

At  temperatures  above  0°C,  tetraaminooonosilane  is  converted  into  a  more  stable 
compound,  imidosilane  Si(NH)2. 

Aminotrisilane  (H^Si)^N  is  a  mobile  colorless  liquid,  which  explosively  takes 
fire  in  air,  giving  off  white  and  brown  oxidation  products.  It  remains  unchanged  in 
the  absence  of  air,  and  retains  its  monomeric  form.  Aminotrisilane  is  highly  volar- 
tile;  its  vapor  pressure  at  -80°  C  is  0.1  mn,  at  0°C  it  is  109  mm,  and  at  15°C,  212  mn. 

Aminotrisilane  is  very  sensitive  to  water,  and  is  decomposed  by  it,  giving  off 
hydrogen  and  ammonia: 


(!IjSi),N  -!-  6H*0  -  3SiO,+  N’H,  +  911* 

Aminomonosilane  SiH^NHj  and  aminodisilane  (SiH^)2NH  are  still  more  volatile  than 
aminotrisilane,  and  it  is  very  difficult  to  isolate  them. 

The  aminosilanes  differ  from  the  organic  amines  in  their  behavior  to  HC1.  It 
is  well  known  that  the  methylamines  add  HC1  to  form  the  corresponding  salts. 

The  aminosilanes  do  not  form  salts,  but  under  the  action  of  HC1,  even  at  room 
temperature,  they  form  the  original  chlorosilane. 


SiH,NH*  +  2HC1  =  SiH,CI  +  NH«CI  1 1 ) 

(SiH*),NH  +  3HC1  -  2SiH,Cl  +  NH«CI  <2i 

(SiH,),N  +  4HCI  =  3SiH,CI  +  NH.CI  t3> 

SiH*NH  t  3HCI  -  SiH,Clt  +  NH«C1  '4' 


Reactions  (1),  (2)  and  (3)  proceed  easily  and  give  almost  theoretical  yields. 
Reaction  (O  proceeds  with  greater  difficulty,  and  is  accompanied  by  various  inter¬ 
mediate  and  side  reactions. 

Under  the  action  of  HCl  on  the  polymeric  compound  SiH^NH)  ,  on  heating, 

SiHCl^  is  formed.  Under  the  action  of  HI,  SiHI^  is  formed.  It  is  highly  probable 
that  the  iodides  SiH^I  and  SiH-jIg*  which  are  still  unknown,  may  be  obtained  from 
polymeric  compounds  of  this  type  by  the  action  of  HI. 
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Alkyl-(ar:vl)-amjno3ilanes 


’'/hen  halogen  atoms  in  aklyl-(aryl)-halosilanes  are  replaced  by  an  amino  group, 
the  following  series  of  compounds  can  be  prepared: 

RSi(NHs),:  RjSi(NH,)t;  R,SiNH2:  (R.,Si),NH. 

Replacement  of  the  hydrogen  atoms  in  the  amino  groups  of  these  compounds  by  alk¬ 
yl  or  aryl  radicals  gives  a  series  of  alkyl-(aryl)-substituted  alkyl- (aryl)  »  amino- 
silanes  of  the  type  R^SiNHR,  R^SiNRj,  etc. 

Compounds  of  the  type  R^SiNHR,  (R^SiJ^IH  were  first  prepared  as  far  back  as 
1907  (Bibl.12).  They  have  been  studied  in  detail,  however,  only  at  a  relatively  re¬ 
cent  date. 

Preparation  of  Alkyl- ( aryl )-aminosilanes 

Alkyl-(aryl)-aminosilanes  of  the  type  R^SiNHg  are  prepared  by  the  action  of  am¬ 
monia  on  the  corresponding  alkyl-  or  arylchlorosilanes.  The  first  representative  of 
this  series,  trimethylaminosilane,  (CH^SiNH^  in  spite  of  numerous  attempts,  has 
not  yet  been  isolated  (Bibl.13).  Other  compounds  of  this  series,  triethylamino- 
silane,  (C^^J^SiNHj,  and  tripherylmethylandnosilane,  (C^H^SiNHg,  have,  however, 
been  prepared. 

The  behavior  of  the  alkylaminosilanes,  of  the  type  RjSiNHg,  recalls  that  of  the 
corresponding  hydroxysilanes  R^SiOH.  The  lowest  representatives  of  these  classes  of 
compounds  are  characterized  by  easy  cleavage  of  anmonia  or  water  to  form  the  corre¬ 
sponding  dimers. 

When  ammonia  acts  on  trimethylchlorosilane,  hexamethylaminodi silane 
[(CH-j^Si^NH  is  formed  instead  of  the  expected  trimethylaminosilane  (Bibl.13). 

Preparation  of  Hexamethylaminodlsilane.  In  a  round-bottomed  flask,  provided 
with  a  fractionating  column  and  a  side  tube,  is  placed  a  solution  of  109  g  of  tri¬ 
methylchlorosilane,  of  boiling  point  57.1  -  57.3°C  (750  ran),  in  500  cnP  of  dry  ether. 
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and  ammonia  is  passed  in  through  the  side  tube.  Immediately  on  introduction  of  the 
ammonia,  a  white  precipitate  appears,  and  a  slight  heating  of  the  mixture  is  observ¬ 
ed.  The  mixture  is  then  heated  to  the  fractionating  temperature,  and  the  passage  of 
the  stream  of  ammonia  is  continued  slowly  for  6  hours.  The  ammonium  chloride  is  pre¬ 
cipitated,  and  the  ethereal  solution  is  decanted  and  filtered.  A  powdery  white  pre¬ 
cipitate  is  obtained,  which  is  washed  with  three  50  cm^  portions  of  dried  ether. 

The  ether  is  distilled  off,  and  the  product  is  then  fractionated  in  a  rectifi¬ 
cation  column  with  10  -  12  theoretical  plates,  yielding  23. A  g  of  hexamethylaminodi- 

O  OA 

silane;  boiling  point  125. 4  -  125.6  C,  refractive  index  n^  1.4.080,  specific  gravity 
0.7724  (vacuum). 

Trimethylnethylaminosilane ,  with  boiling  point  70°C  (747  mm),  and  trimethyleth- 
ylaminosilane,  with  boiling  point  91° C  (747  mm),  are  similarly  prepared.  The  latter 
forms  an  azeotropic  mixture  of  boiling  point  90.6°C  with  trimethylsilanol  and  hexa- 
methyldisiloxane . 

Trimethyldiethyl  amino  silane  is  prepared  by  the  action  of  diethylamine  on  tri- 
methylchlorosilane;  boiling  point  126.5°  (750  mm). 

These  compounds  are  slowly  decomposed  by  water  and  by  alkali,  forming  trimethyl¬ 
silanol,  but  in  the  presence  of  dilute  acid  or  aqueous  alcohol,  hydrolysis  proceeds 
very  readily.  They  do  not  react  with  metallic  sodium,  like  the  organic  azines  or 
amines,  but  they  do  react  with  methylmagnesium  iodide  by  the  Tserevitinov  reaction, 
evolving  methane. 

Triethylamino silane  (Bibl.14),  (CjH^SiNHj,  iS  easily  prepared  by  the  reaction 
of  ammonia  with  triethylchlorosilane : 

RjSiX  2X1 1,  *  K3i>iNI  T  +  M  UX 

At  the  same  time,  hexaethylaminodisilane,  (C^j-J^SiNHSitCgH,.)^,  is  formed  in  consid¬ 
erable  quantities. 

Under  the  action  of  HC1  or  HI,  concentrated  hydrochloric  acid,  concentrated 


F-TS-9191/V 


622 


hydrofluoric  acid,  or  a  mixture  of  sulfuric  and  hydrobromic  acids,  on  t r i alkylamino- 
silanes,  the  corresponding  halosilanes  are  found: 


Thus  the  trialkylaminosilanes  may  be  an  intermediate  product  in  the  synthesis  of  cer¬ 
tain  trialky Ihalosilanes  from  trialkylchlorosilane. 

Preparation  of  triethylaminosilane.  In  a  three-necked  200  ml  flask  with  a  re¬ 
flux  condenser,  a  dropping  funnel,  and  a  stirrer  with  mercury  seal,  100  ml  of  liquid 
ammonia  is  placed.  The  flask  is  placed  in  a  bath  containing  a  mixture  of  dry  ice  and 
acetone,  and  75  g  of  triethylchlorosilane  is  introduced  into  the  liquid  ammonia  from 
the  dropping  funnel,  with  stirring,  over  a  period  of  30  min.  After  stirring  for  an 
hour,  the  excess  ammonia  is  evaporated  off,  and  the  reaction  mass  is  diluted  with 
ether.  The  precipitate  of  armonium  chloride  is  filtered  off,  and  the  ether  is  dis¬ 
tilled  off.  The  reaction  product  is  fractionated  in  a  column  packed  with  glass  spi¬ 
rals  and  having  20  theoretical  plates,  yielding  2*6  g  of  triethylaminosilane;  boiling 
point  134° C.  The  yield  is  7056  of  theoretical. 

Preparation  of  Amino-a-chloroethyldiethylsllane .  To  100  ml  of  liquid  ammonia 
93  g  of  a-chloroethyldiethylchlorosilane  is  added  as  indicated  above,  yielding  72  g 
(0.2*4.  mol)  of  a-chloroethyldiethylaminosilane;  boiling  point  (38  mm)  93°C;  refractive 
index  nD  *  1.2*570;  specific  gravity  d  -  0.9602*,.  The  yield  is  88%  of  theoretical. 

Reaction  of  a  Trialky laminosilane  with  Concentrated  HC1.  In  a  200  ml  three¬ 
necked  flask  with  a  reflux  condenser,  dropping  funnel,  and  stirrer  with  mercury  seal, 
160  ml  of  concentrated  HC1  is  placed.  The  flask  is  cooled  in  an  ice  bath,  and  13  g 
of  triethylaminosilane  is  added  to  the  HC1.  After  30  minutes  of  stirring,  the  reac¬ 
tion  mixture  is  transferred  to  a  separating  funnel,  and  the  upper  layer  is  taken  off. 
This  layer  is  dried  over  sodium  sulfate  and  distilled,  yielding  12  g  of  triethyl¬ 
chlorosilane;  boiling  point  12*2*  -  154°C,  specific  gravity  d  *  0.8977*  The  yield  is 
80%  of  theoretical. 
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a-Chloroethyldiethylaminosilane  reacts  with  HC1  by  the  same  method.  For  the  re¬ 
action,  13  g  of  a-chloroethyldiethylaminosilane  and  160  ml  of  HC1  are  taken. 

Reaction  of  Triethylaminosilane  with  Hydrofluoric  Acid.  In  a  200  ml  flask,  60 
ml  of  48$  HF  is  placed.  The  flask  is  cooled  on  an  ice  bath,  and  12  g  of  triethyl¬ 
aminosilane  is  added  over  a  period  of  5  minutes.  The  reaction  mixture  is  stirred  10 
minutes,  then  the  upper  layer  is  separated  in  a  separating  funnel  and  dried  with  so¬ 
dium  sulfate.  Distillation  yields  10.5  g  of  triethylfluorosilane;  boiling  point  109 
-  110OCj  specific  gravity  d  -  0.8380.  The  yield  is  89$  of  theoretical. 

The  reaction  of  11  g  of  a-chloroethyldiethylaminosilane  with  60  ml  of  48$  HF  by 
the  above  method  yields  9  g  of  a-chloroethyldiethylfluoroailane;  boiling  point  149  - 
150°C;  specific  gravity  d  -  0.9961.  The  yield  is  82$  of  theoretical. 

Reaction  of  Triet-bylMHnnsilane  with  Hydrogen  Chloride.  In  a  200  ml  three¬ 
necked  flask  provided  with  a  reflux  condenser,  stirrer  with  mercury  seal,  and  gas  in¬ 
let  tube,  150  ml  of  dry  ether  and  20  g  of  triethylaminosilane  are  placed.  Hydrogen 
chloride  is  passed  into  the  mixture  through  the  gas  inlet  tube  until  the  mixture  is 
completely  saturated.  The  ammonium  chloride  is  filtered  off,  and  the  ether  is  dis¬ 
tilled  off  on  the  water  bath.  Distillation  of  the  residue  (after  removal  of  the 
ether)  yields  16  g  of  triethylchlorosilane;  boiling  point  143  -  145°C;  specific  grav¬ 
ity  d  «  0.8974.  Yield:  70$  of  theoretical. 

A  solution  of  18  g  of  a -chloroethyldiethylamin^ silane  in  ether  is  treated  with 
dry  H&  as  described  above,  yielding  15*5  g  of  a -chloroethyldiethylchlorosilane ; 
boiling  point  179  -  181°C;  specific  gravity  d  =  1.0385;  refractive  index  n  ■  1.1153. 
Yield,  78$  of  theoretical. 

Reaction  of  Triethylaminosilane  with  HBr.  An  ethereal  solution  of  39  g  of  tri¬ 
ethylaminosilane  in  150  ml  of  ether  is  treated  with  dry  HBr  by  the  method  described 
above,  yielding  4I.5  g  of  triethylbromosilane;  boiling  point  162  -  163°C;  refractive 
index  n  *  1.4563;  specific  gravity  d  ■  1.1403.  The  yield  is  70$  of  theoretical. 

An  ethereal  solution  (24  g)  of  a -chloroethyldiethylchlorosilane  is  treated,  as 
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above,  with  dry  HBr,  yielding  12  g  of  a-chloroethyldiethylbromosilane;  boiling  point 
194  -  196°C;  refractive  index  n^  *  1.4762.  Yield,  26$  of  theoretical. 

Products  of  a  higher  degree  of  purity  are  formed  by  the  reaction  of  the  corre¬ 
sponding  aminosilanes  with  a  mixture  of  sulfuric  and  hydrobromic  acids. 

Reaction  of  Amlnosllanes  with  a  Mixture  of  Sulfuric  and  Hydrobromic  Acids.  In¬ 
to  a  1-liter  three-necked  flask  provided  with  a  reflux  condenser,  a  stirrer  with  mer¬ 
cury  seal,  and  a  dropping  funnel,  300  ml  of  48$  HBr  is  poured.  The  flask  is  cooled 
on  a  water  bath  with  ice,  and  200  ml  of  cone.  H^SO^  is  poured  into  it.  Then  41  g  of 
triethylaminosilane  is  added  from  a  dropping  funnel  to  the  mixture  of  acids.  After 
stirring  the  reaction  mixture  20  minutes,  the  two  layers  that  fora  are  separated, 
and  the  organic  upper  layer  is  dried  with  sodium  sulfate.  Fractionation  yields  33*5 
g  of  triethylbromosilanej  boiling  point  78  -  79°  C  (45  ran);  refractive  index  n  ■ 

■  1.4561.  The  yield  is  55$  of  theoretical. 

a-Chloroethyldiethylbromosilane  is  prepared  by  the  above  method  from  52  g  of  a  - 
chloroethylaminosilane.  Distillation  of  the  reaction  products  yields  58.5  g  of  a- 
chloroethyldiethylbromosilane;  boiling  point  105  -  106° C  (46  ran);  specific  gravity 
d^  *  1.2661.  The  yield  is  81$  of  theoretical. 

Triphenylaminosilane,  (C^H^Siffi^*  was  prepared  somewhat  earlier  from  triphen- 
ylchlorosilane  and  amnonia  in  the  presence  of  an  excess  of  sodium. 

(C«H()tSiCi  +  2NH,  — ' (C,N,)»SiNH,  +  NH«CI 

When  an  excess  of  SiCl^  reacts  with  an  organic  amine,  the  corresponding  amino 
derivative  and  an  equivalent  of  amine  hydrochloride  are  formed.  The  reaction  is  very 
energetic.  In  this  way,  diphenylaminochlorosilane,  di-o-methylphenylaminochloro- 
silane,  dimethylphenylaminochloro silane,  and  di-a -naphthylaminochlorosilane  may  be 
prepared. 

Hydrolysis  of  the  products  so  obtained  by  water  gives  silicic  acid  and  the  am¬ 
ine  hydrochloride. 
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Compounds  containing  a  tertiary  nitrogen  atom  -  pyridine  or  quinoline  -  form  ad¬ 
dition  products  with  SiCl^  (Bibl.15):  (C^lO^SiCl  and  (C^yO^SiCl^.  On  the  ac¬ 
tion  of  an  excess  of  aniline,  o-toluidine  or  (3 -naphthy lamina  of  SiCl^,  tetraphenyl- 
ciid.no silane,  tetra-o-tolylaminosilane,  and  tetra-3-naphthylaminosilane  are  formed, 
respectively  (Bibl.l6). 

The  action  of  p-toluidine  on  benzylpropylethylchlorosilane  yields  an  amino  de¬ 
rivative: 

Oil,  CH, 

\  I 

l  :  +  _  - 

(  0,11,-SiCI  ■  Y  C,H,-SiNH-/  \ — CH* 

Ml.  0.1 1,/  NHfllCI  CjH,/ 

Stock  and  Sondeski  (Bibl.17)  prepared  derivatives  of  chlorosilane,  containing 
nitrogen  attached  to  the  silicon,  by  treating  chlorosilane  with  anroonia.  Emilius  and 
Miller  (Bibl.18)  prepared  methylaminodi silane  and  ethylandnodisilane  by  reacting 
methyl-  or  ethylamine  with  chlorosilane. 

When  triphenylchlorosilane  and  lithium  react  in  ethylamine  solution,  the  free 
triphenyl  radical  is  formed  (Bibl.19)  and  adds  to  the  ethylamine,  separating  in  the 
form  of  a  crystalline  compound  of  melting  point  45°C. 

* 0,1 1 j),-|SiBi  -f  I-1  4“  l$NI  I.  [(' -.ll,),St| - ((.,1  i,NI I,) -f~  tiBr 

Triphenylaminoethylsilane  reacts  with  lithium  to  give  the  lithium  derivative  of 
triphenylsilane.  When  triphenylaminoethylsilane  is  heated  or  allowed  to  stand,  it  is 
converted  into  hexaphenylaminodi silane  and  ethylamine. 

Reynolds  (Bibl.20,  21)  studied  the  reaction  between  thiourea  and  SiBr. •  Addi- 

4 

tion  products  of  the  following  composition  are  formed  as  a  result  of  this  reaction: 
[CSOJHg^’^iBr)^.  Phenylthiourea  and  allylthiourea  react  similarly.  Treatment  of 
the  addition  products  with  ethanol  forms  tetraethoxysilane,  diethyl  isocyanatobrom- 
ide  and  certain  other  substances  whose  composition  has  not  been  established. 
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On  the  reaction  of  potassium  amide  with  triethylsilane,  hexaethylaminodisilane 
is  formed  (Bibl.22). 

Hexaethylaminodisilane  can  be  prepared  more  simply  by  the  action  of  ammonia  on 
trimethylchlorosilane  or  on  hexamethylsulfonodisilane  (Bibl.23).  Hexamethylaminodi- 
silane  is  hydrolyzed  by  water  with  relative  ease  to  form  trimethylsilanol  (Bibl.l4). 
It  does  not  react  with  metallic  sodium,  but  does  form  magnesium  derivatives: 

(CI!a)aSiNHSi(Clia)a  +  CHaMgJ - >  (CHa)aSiN(MgJ)Si(CHa)a  +  CH4 

Products  containing  organic  radicals  attached  to  the  silicon  atom  may  be  prepar¬ 
ed  in  the  following  way: 

(CHa)aSiCI  +  CHjNilj - >  (Cl  la)*SiNHG  la  +  11C1 

(Clia)aSiCl  +  (Cl  la)j5iNHCHa - »  (CHs)aSiN(CHa)Si(ClIs)a  IIC1 

In  the  same  way  (CHj^tSiNHC^;  (CH^SiNC  (C^^SiNH^  and 

(C2H5)2(CH3CHCl)SiNH2  have  been  prepared  (Bibl.2^). 

Under  the  action  of  HC1  on  (CH3)3SiNHCH3,  trimethylmethylaminosilane,  the  cleav¬ 
age  of  methylamine  hydrochloride  and  the  formation  of  trimethylchlorosilane  have  been 
observed  (Bibl.25). 


(ClIslaSiMICIIi +2IIC1  -  -»  (CIUhSiCI  +  ClljiMIt  lii.l 

Annonolysis  of  triphenylchlorosilane  by  liquid  ammonia  yields  colorless  triphen- 
ylaminosilane,  melting  point  55  -  56°C,  which  is  isolated  by  extraction  with  petrole¬ 
um  ether* 

Alkylamino silanes  of  the  type  R^SiNHR  and  I^SiNR^  are  obtained  by  means  of  the 
amnonolysis  reaction,  that  is,  by  the  action  of  the  corresponding  amines  on  alkyl- 
halodisilanes  (Bibl.18): 


RaSiCl  +  RNHj - >  R3S1NHR  4-  MCI 

RaSiCl  -t-  R2NH  —  >  RjSiXRj  +  I1C1 
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Methylandnotrimethylsilane  has  been  prepared  in  this  way. 

Preparation  of  Methvlaminotrimethylsilane .  1.  In  a  round-bottomed  liter  flask 

provided  with  a  reflux  condenser  a  solution  of  54  g  of  trimethylchlorosilane  in  500 
cc  of  anhydrous  ether  is  placed.  An  excess  of  anhydrous  methylamine  is  introduced 
through  a  side  tube.  Yield,  19.7  g  (38$)  of  methylami notrimethylsilane ;  boiling 
point  71°C  (755  mm);  refractive  index  n^  *  1.3905;  specific  gravity  d^  *  0.7395. 
Together  with  this,  12.7  g  of  hexamethyldisiloxane  is  also  formed. 

2.  In  a  2- liter  unsilvered  Dewar  vessel,  provided  with  a  cork  stopper,  a  stir¬ 
rer,  and  an  additional  funnel,  200  g  of  anhydrous  liquid  methylamine  is  placed,  and 
217  g  of  trimethylchlorosilane  is  added  to  it,  with  stirring.  After  half  of  the  to¬ 
tal  quantity  of  trimethylchlorosilane  has  been  used,  the  reaction  mixture  solidifies. 
After  adding  the  entire  quantity  of  trimethylchlorosilane,  the  solid  substance  is 
broken  up,  shaken  with  ether,  and  suction-filtered.  The  filtrate  is  fractionated, 
yielding  114*5  g  (55$)  of  methylaminotrimethylsilane.  The  filtration  residue  (130.5 
g)  after  vacuum  distillation  (0.1  ran)  is  a  white  solid. 

Ethylandnotrimethylsilane  and  diethylaminotrimethylsilane  are  prepared  similarly. 

From  108.5  g  of  trimethylchlorosilane  dissolved  in  500cnPof  absolute  ether, 

29.2  g  (25$)  of  ethylandnotrimethylsilane,  (CH^SiNCH^,  was  obtained,  with  an  aze¬ 
otropic  mixture  of  trimethylsilanol  and  hexamethyldisiloxane  as  an  impurity. 

Diethylaminotrimethylsilane,  (CH^J^SifKC^Hj.^,  is  obtained  on  addition  of  a  so¬ 
lution  of  54*0  g  of  trimethylchlorosilane  in  500  cm^of  absolute  ether  to  a  mixture 

3 

of  80  g  of  diethylamine  and  1000  cm  of  absolute  ether.  Diethylaminotrimethylsilane 
has  a  boiling  point  of  X26 - 126 .^C  (750  ran);  refractive  index  nj^  -  1.4112.  The 
yield  is  28$  of  theoretical.  Hexamethyldisiloxane  (10.5  g)  is  also  obtained. 

Methylaminodisilane  is  easily  prepared  by  reaction  of  monochloro silane  and  meth¬ 
ylamine  (Bibl.13): 

3CH,NH,+  2SiHsCI - *  CH,N(SiH,),+  2CH,NH,  HCI 
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Methylaminodisilane,  CH^SiH^g,  is  a  liquid  that  is  stable  in  air,  with  a 
boiling  point  of  32.3°C.  It  is,  however,  readily  hydrolyzed  by  alkali* 

The  behavior  of  this  compound  differs  from  that  of  organic  amines,  in  its  quan¬ 
titative  decomposition  under  the  action  of  HC1. 

CH,N(SiHj),  +  3HCI - 2SiH,Ct  +  CH,NH,HC1 

Ethylaminodisilane,  C^^NCSiH^)^,  is  prepared  similarly.  It  is  a  liquid,  with 
a  boiling  point  of  65.9°C.  Its  properties  resemble  those  of  methylaminodisilane. 

Dimethylamine  and  monochlorosilane  react  even  at  room  temperature  to  form  di- 
methy laminomono s ilane ,  (SiH^)N( CH^)^.  This  compound  forms  an  unstable  salt  with  any 
excess  of  monochlorosilane. 

Trimethylandne  and  monochlorosilane  react  in  the  cold,  forming  a  solid  addition 
product,  N(CH^)^*SiH^Cl.  This  product  differs  from  the  analogous  organic  compounds 
by  being  instantaneously  decomposed  by  water  to  form  triawthylamine,  HC1  and  di- 
siloxane,  (SiH^)^O.  It  is  hydrolysed  by  alkalies  according  to  the  equation: 

N(CH,),.SiH,CI  +  3NaOil - -  Na,SiO,  +  NaCl  +  N(CH,),  +  3H, 

On  dissociation  of  the  salt  a  pressure  of  9  m  arises  at  20°C.  When  the  temperature 
is  increased  to  91°C,  this  pressure  goes  up  to  one  atmosphere.  N(CH^)^*SiH^Cl  re¬ 
acts  with  alcohols  to  form  volatile  esters: 

C,H,OH  +  N(CH,),SiH,CI - SiHjOQH,  +  N(CH,),HCI 

The  series  of  quatenary  salts  given  below  is  arranged  in  order  of  decreasing 
stability. 

N(CH,),C1  -  stable 
j  4 

iHSiH^XCH^Cl  -  moderately  stable 
N(SiH3)2(CH3)2&  -  unstable 
N(SiH3)3(CH3)Cl  -  not  formed 
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N(SiH-)  Cl  -  not  formed 
J  h 

Kraus  and  Nelson  have  prepared  hexaethylaminodisilane ,  [(C^I^Si^NH,  by  the 
action  of  ammonium  bromide  on  the  potassium  salt  of  hexaethylaminodisilane  in  a  li¬ 
quid  aamonia  medium  (Bibl.22). 

When,  for  instance,  triphenylmethane  is  treated  with  sodium  amide  or  potassium 
amide  dissolved  in  ammonia,  the  potassium  derivative  of  triphenylmethane  is  formed, 
and  ammonia  is  given  off: 


(QHj),CH  +  KNH, - •>  (C«H,),CK|+  NH,  (1) 

A  different  reaction  is  observed  in  the  case  of  triethylsilane.  Triethylsilane 
reacts  with  potassium  amide  in  liquid  aamonia  to  form  the  potassium  derivative  of 
hexaethylaminodisilane,  giving  off  hydrogen: 

2<Cjl I4),SilI-J-  KNH-  |(C,H,),SiJfNK  +  2ll,  (2) 

Ethylaminotriethylailane ,  (C^^SiHHC,^,  is  prepared  by  the  action  of  lithium 
on  a  solution  of  triethylsilane  and  ethylamlne  (Bibl.22).  By  analogy  with  the  organ¬ 
ic  compounds,  it  might  be  expected  that  the  alkali  metals  would  react  with  triethyl¬ 
silane  in  aamonia  or  ethylamine  solution  according  to  the  equation: 

(C*H,),SiH  +  Li  -  (QH,)»SiLi  +  y  H,  (3) 

Such  a  reaction  has  in  fact  been  observed  in  the  case  of  triphenylmethane  dis¬ 
solved  in  ammonia. 

In  view  of  the  very  low  solubility  of  triethylsilane  in  aamonia,  ethylamine  was 
used  as  the  solvent.  Lithium  is  rather  well  soluble  in  it.  It  was  found,  however, 
that  twice  as  much  hydrogen  was  formed  as  was  called  for  by  eq.(3).  This  indicates 
that  metallic  lithium,  as  a  catalyst,  participates  only  indirectly  in  the  reaction, 
which  may  be  represented  as  follows: 
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(C4H,),SiH  +C2H,NHS  +  Li  -  (QH.J.SiNMQH,  +I!S  +  I., 


This  reaction  is  homogeneous;  its  velocity  increases  with  the  quantity  of  lithi¬ 
um  taken  in  the  reaction. 

.dthylaminotriethylsilane  is  a  colorless  liquid  with  a  sharp  odor  of  camphor.  It 
is  soluble  in  ethylamine  and  is  easily  distilled  in  a  vacuum;  it  does  not  react  with 
lithium  in  ethylamine  solution.  It  may  also  be  prepared  from  triethylbromosilane  and 
ethylamine  in  the  presence  of  lithium,  forming  one  equivalent  of  hydrogen  per  mol  of 
starting  bromide. 

(CsH.hSiBr  4-  CSH,NH,  4  Li  =  (C,H,),SiNMC,H,  +  LiBr  +  y  ll; 

The  compound  obtained  as  a  result  of  this  reaction  was  identical  with  the  compound 
prepared  from  triethylsilane  and  ethylamine  in  the  presence  of  lithium. 

Hexaphenylaminodisilane,  [(C^H^Si]^,  is  prepared  by  reacting  triphenylsilane 
with  liquid  anmonia  in  the  presence  of  sodium. 

It  is  a  crystalline  substance  with  a  melting  point  of  175°C,  which  is  very  sta¬ 
ble  in  air  and  even  against  the  action  of  boiling  dilute  NaOH.  It  crystallizes  well 
from  alcoholic  solution,  but  is  readily  hydrolyzed  in  the  presence  of  HC1,  forming 
triphenylsilanol.  The  mechanism  of  the  reaction  by  which  hexaphenylaminodisilane  is 
formed  has  not  been  described.  Its  formation  obviously  involves  the  formation  of  an 
intermediate  sodium  derivative  of  triphenylsilane,  followed  by  an  exchange  reaction 
between  this  compound  and  ammonia: 

<C,Hs),SiH  -f  Nil  —  >  (C,Hs),SiN;i  4  y  II., 

2  (Q,l  ls),SiN;i  4NH,  >■  ((% I  l,)jSiNIISi(Ctllj),  4  2Na  4  Ho 

Such  reactions  may  be  accompanied  by  the  formation  of  triphenylaminosilanes  or  their 
hydrolysis  products.  The  authors  have  observed  the  formation  of  resinous  products 
together  with  crystalline  compounds  corresponding  in  composition  to  haxaphenylamino- 
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disilane,  which  however,  were  not  further  investigated. 

The  tetraaminosilanes  of  type  Si(NHR)^  and  the  diaminosilanes  of  type  Si(NR)2 
have  been  studied  in  greater  detail.  Tetraethylaminosilane  has  been  prepared  by  the 
reaction  of  ethylamine  and  SiCl^  (Bibl.10).  The  reaction  is  conducted  in  ligroin* 

On  cooling  the  reaction  mass  with  ice  water,  ethylamine  hydrochloride  is  at  once 
thrown  down  and  filtered  off  from  the  solution.  The  part  of  the  product  dissolved  in 
the  ligroin  contains  tetraethylaminosilane.  The  reaction  follows  the  equation 

SiCI«  +  80,! I.NH,  >  Si(NI !C,H,)4  +  40.1  IjNH.-HO 

Tetraethylaminosilane  is  a  colorless  oil,  which  does  not  freeze  at  low  tempera¬ 
tures,  is  soluble  in  most  organic  solvents,  and  keeps  for  a  long  time  in  the  absence 
of  moisture.  Like  all  compounds  of  this  series,  it  is  easily  decomposed  by  water, 
forming  hydroxysilanes .  Tetraphenylaminosilane,  Si(NHC^H^)^,  was  prepared  (as  long 
ago  as  1888)  by  reacting  SiQ^  and  aniline  in  benzene  solution  (Bibl.16). 

Other  representatives  of  this  series  have  also  been  prepared  (Bibl.26). 

Si(n*NHC(H«CHa)«  Si(«NHC,,H,)4 

Si(o-NHC,H.CH,)«  Si(^NHC„H,)« 

These  compounds  are  stable  on  heating  up  to  200°C,  crystallize  readily,  easily 
dissolve  in  benzene,  have  constant  melting  points,  and  exist  in  the  monomeric  fora. 

Tetraphenylaminosilane  has  been  investigated  in  more  detail.  Under  the  action 
of  HC1,  its  cleavage  occurs,  forming  Si&^: 

Si(NHC(H,)«  +  4HC1 - *  SiCI,  +  4C,H,NH, 

This  reaction  is  cocaon  to  the  aminosilanes. 

The  action  of  HC1  on  the  aminosilanes  may  be  compared  to  that  of  acetyl  chlor¬ 
ide,  benzoyl  chloride,  or  POCl^  on  the  ethyl  ester  of  orthosilicic  acid: 

Si(OR)«  +  4CH,C0CI - *  SiCI*  +  4CH*C00R 
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The  reaction  of  tetraphenylarainosilane  with  bromine  in  benzene  solution  leads  to 
the  formation  of  a  compound  of  the  composition  SiCNC^H^B^Jj,  accompanied  by  strong 
heating  of  the  mixture  (Bibl.26).  The  reaction  takes  place  in  three  stages.  In  the 
first  stage,  2  atoms  of  bromine  cause  cleavage  of  one  aniline  molecule.  The  reaction 
product  is  a  very  viscous  liquid,  which  does  not  crystallize  even  at  a  low  tempera¬ 
ture.  The  reaction  follows  the  formula: 

y  NHC,H, 

Si(NHC,H,)«  4-  Br, -  *  SI=NC,H,Br  +  C,H,NH,  HBr  (1) 

XNHC,H, 

In  the  second  stage,  di(-phenyIamino)-p-bromophenylimino8ilane  reacts  with  more 
bromine,  splitting  off  still  another  aniline  molecule  and  forming  di-(bromophenyl- 
imino)-sllane. 


NHC.H,  NC,H*Br  . 

Si=NC|H«Br  +  Br,  -  -  >  Si  f  +  C,H,NH,  HBr  (2) 

XNHC*H,  NC*H,Br 


In  the  third  stage,  under  the  action  of  a  third  molecule  of  bromine,  a  third 
molecule  of  aniline  is  split  off,  forming  p-dibromophenylnitrylsilane. 


^nc,h,b. 

S»£ 

^NC,H«Br 


4  Br, 


Sif  +  C*H,NH,HBr 

N'C*H,Br, 


(3) 


The  substance  so  obtained  has  a  dark  brown  color,  softens  gradually  on  heating, 
and  becomes  completely  liquid  at  60°C.  It  is  soluble  in  benzene,  and  readily  reacts 
with  water  even  in  benzene  solutions. 

The  third  and  final  stage  of  the  reaction  between  bromine  and  tetraphenylamino¬ 
silane  is  regulated  by  diluting  the  reaction  mixture  with  benzene,  or  by  adjusting 
the  quantity  of  bromine  taken  for  the  reaction. 

Together  with  these  compounds,  products  of  the  substitution  of  bromine  atoms  for 
hydrogen  atoms  of  the  phenyl  groups  are  also  formed  in  the  solutions,  liberating  HBr: 
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^NC4H4Br 
!Sir  +  Br, 

^NQl^Br 


s  NC.n.Br 
^NC.H,Br, 


The  formation  of  a  more  highly  brominated  compound  of  the  type 


Br»C*l  ljN=Si=  NC«I  l,Br.. 


is  also  possible.  The  prolonged  action  of  bromine  leads  to  the  formation  of  SiBr^, 
HBr,  and  a  mixture  of  tribromoaniline  with  still  more  highly  brominated  anilines. 

Another  representative  of  the  tetraasdnosilanes  series,  tetraethylphenylandno- 
silane,  has  been  prepared  by  reacting  SiCl^  with  ethylaniline.  The  principal  reac¬ 
tion  product  is  ethylaniline  hydrochloride,  tetraethylphenylandnosilane  being  formed 
only  in  small  quantities  (Bibl.27). 

The  reaction  may  be  represented  as  follows: 


SiCI«  +  8Hn/ 


C.H, 

C.H, 


+ 


C.H., 

yNIMICl 

C.H/ 


The  reaction  of  diethyl  aniline  with  Sid^  yields  ethylaniline  hydrochloride  and 
an  oily  product  corresponding  in  composition  to  tetra- ( ethylphenylamino ) silane  (Bibl. 
28). 

A  reversible  reaction  takes  place  between  oethyltrichlorosilane  and  aniline  to 
form  aniline  hydrochloride  and  msthyltriphenylasdnosilane .  Ethyltrichlorosilane  and 
diphenyldichlorosilane  react  similarly. 

The  exchange  reactions  between  allgrlarylaminosilanes  and  halosilanes  have  been 
studied  (Bibl.29),  which  follow  the  pattern: 


■1(0  I»)»SiNI  It  ,1 1;  ■+■  SiBr,  >  4(CI  hbSiHr  +Si(\llt,lls)4 


Aminosilanes  react  very  readily  with  acids,  breaking  the  Si  -  N  bond.  Thus, 
from  7  g  of  CH^Si(NHC^H^)^  in  bensene,  under  the  action  of  an  excess  of  dry  HBr,  3.5 
g  of  CH^SiBrj  is  formed. 
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Sulfuric  acid  reacts,  producing  strong  heating,  with  (C^^SiNHC^H^,  forming 
aniline  sulfate  and  a  solution  of  (C^H^Si  -  0  -  SC^  -  0  -  SiCCjH^,  hexaethyldi- 
03Qrsulfonodisilane . 

The  dia]J<yHiphenylamino3ilanes  do  not  react  with  ccv  benzyl  chloride,  stan¬ 
nous  bromide,  nor  mercurous  chloride. 

Diphenylaniline  and  diphenylamine  do  not  react  with  SiCl^.  The  nature  of  the 
radicals  replacing  hydrogen  in  the  amine  molecule  affects  this  reaction. 

Physical  Properties  of  Aminosilanes  and  Alkyl- (aryl) -amino silanes 

The  aminosilanes  and  the  alkyl- (aryl) -aminosilanes  distil  without  decomposition. 
They  are  readily  soluble  in  hydrocarbons,  halogen  derivatives  of  the  hydrocarbons, 
ethers,  and  mixtures  of  these  solvents.  They  are  readily  hydrolyzed  under  the  action 
of  water  or  water  vapor.  This  is  especially  true  of  the  lower  representatives  of 
this  class  of  compounds. 

Table  69  gives  the  physical  properties  of  the  aminosilanes  and  alkyl-(aryl)- 
asdnosllanes. 

Conversion  of  Alkyl-(aryl)-*^^»^1anes  Into  Polymers 

The  detailed  study  of  the  polymeric  organoaadnosilanes  began  at  a  relatively  re¬ 
cent  date.  As  already  noted,  under  the  action  of  ammonia  (taken  in  excess)  on  mono- 
chlorosllane,  gaseous  products  are  at  first  formed,  and  then  condense  into  nonvola¬ 
tile,  viscous,  and  even  solid  polymeric  compounds  of  the  following  structure: 


Polymeric  nitrogen-containing  compounds  display  a  certain  structural  similarity 
with  the  polysilaxanes.  The  conversion  of  the  primary  compound  SiH^NHj,  which  is 
easily  formed,  into  resembles  the  reactions  of  hydrolysis  of  SiH^Cl  and  the 

conversion  of  that  compound  into  (SiH^J^O.  The  compounds  SiH^NHg  and  (SiH^jNH  are 
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highly  volatile.  Nitrogen-containing  compounis  of  this  type,  like  the  hydroxy silanes 

tend  to  form  polymers.  Jylic  polymers  ( n^iNH )n  and  linear  polymers  of  the  type 

Tl(RJ3iMH)  Si^i.  have  recently  been  isolated  and  studied  (Ribl.30). 

<■  n  3 

The  products  of  the  reaction  between  methyl-  and  ethylchloro silanes  and  ammonia 
are  mainly  hexamethyl-(hexaethyl)-cyclotriaminosilanes  and  octamethyl-(octaethyl)- 
cyclotetraaminosilanes,  together  with  a  number  of  other  mixed  cyclic  polymers 
(Bibl.31). 

Preparation  of  Hexamethylcyclotriaminosilane  and  Uctamethylcyclotetraamino- 
silane.  In  a  5-liter  three-neck  flask,  provided  with  a  stirrer,  condenser,  and  gas 
induction  tube,  903  g  of  dimethylchlorosilane  dissolved  in  3.5  liters  of  dry  benzene 
is  placed,  dry  ammonia  is  passed  through  the  ga3  tube  onto  the  surface  of  the  liquid 
and  on  vigorous  stirring  is  absorbed  by  it.  during  the  reaction  the  temperature  is 
held  below  30°G.  After  U  hours,  the  ?JH;  Cl  being  precipitated  begins  to  impede  the 
stirring  of  the  mixture.  To  facilitate  the  separation  of  the  liquid  from  the  deposit 
of  MH^Cl,  the  mixture  is  heated,  and  the  precipitate  takes  a  finely  crystalline  form 
and  can  be  easily  filtered  off.  After  filtration  the  mixture  is  treated  with  ananonia 
for  2  hours  more.  The  additional  ammonium  chloride  thrown  down  is  then  filtered  off, 
and  the  benzene  is  distilled  off,  giving  Vl5  5  (81$)  of  a  crude  mixture  of  amino- 
silanes.  The  mixture  is  fractionally  distilled,  giving  185  g  of  hexamethylcyclotri¬ 
aminosilane  and  210  g  of  octamethylcyclotetraaminosilane.  The  latter  is  purified  by 
recrystallization  from  petroleum  ether.  The  undistilled  residue  amounts  to  20  g. 

Preparation  of  Hexamethylcyclotriaminosilane  without  a  Solvent  (Bibl.30).  In  a 
round-bottomed  flask,  provided  with  a  reflux  condenser,  a  stirrer,  and  a  dropping 
funnel  with  its  end  drawn  out  into  a  capillary  tube,  500  ml  of  liquid  aotnonia  is 
placed,  and  140  g  of  dimethyldichiorosilane  (1.06  mol)  is  added  gradually  to  it  from 
tne  funnel.  The  flask  and  the  condenser  are  cooled  by  a  mixture  of  solid  carbon  di¬ 
oxide  and  acetone.  After  adding  the  dimethyldichiorosilane,  the  stirring  is  contin¬ 
ued  for  15  min.  The  mixture  is  then  extracted  with  250  ml  of  benzene.  The  precipi- 
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tate  of  ammonium  chloride  remaining  in  the  flask  is  washed  four  times  with  small  por¬ 
tions  of  benzene,  all  the  benzene  extracts  are  combined,  and  the  benzene  is  distilled 
off.  After  this  has  been  done,  the  residue  weighs  60  g.  It3  fractionation  yields  33 
g  of  hexamethylcyclotriaminosilane. 

Preparation  of  Polydiethylcycloamino silanes.  In  a  400  ml  flask  300  ml  of  abso¬ 
lute  ether  is  placed,  and  is  made  up  with  ammonia  to  a  total  volume  of  400  ml;  515  g 
of  a  mixture  of  diethyldichlorosilane  and  diethylmethylchlorosilane,  taken  in  molecu¬ 
lar  proportions,  is  now  diluted  with  1200  ml  of  absolute  ether;  this  mixture  is  added 
in  three  equal  portions  to  the  solution  of  ammonia  in  ether.  The  mixture  is  allowed 
to  stand  15  min.,  and  the  ammonium  chloride  is  then  filtered  off.  It  is  washed  sev¬ 
eral  times  with  ether,  and  the  ethereal  extracts  are  combined  with  the  filtrate,  aft¬ 
er  which  the  ether  is  distilled  off  from  the  reaction  product.  Simple  distillation 
of  the  product  gives  143  g  of  a  distillate  boiling  below  235°C.  The  individual  pro¬ 
ducts  cannot  be  separated  by  simple  distillation.  Fractionation  of  the  residue  under 
reduced  pressure  yields  24*.  g  of  a  product  with  a  wide  boiling  range,  probably  con¬ 
sisting  of  tetraethyldimethylaminodisilane  and  octaethylcyclotetraaninosilane  (41  r) . 
The  distillation  residue  amounts  to  about  20  g. 

To  obtain  a  better  yield  of  aminosilane,  157  g  of  diethyldichlorosilane  dissol¬ 
ved  in  1000  ml  of  ether  is  placed  in  a  flask  and  saturated  with  ammonia  (without  ex¬ 
ternal  cooling).  The  saturation  is  continued  until  the  contents  of  the  flask  begin 
to  freeze  as  a  result  of  the  vigorous  boiling  of  the  excess  of  liquid  ammonia.  The 
separation  of  the  annonium  chloride  is  considerably  more  difficult,  in  this  case, 
owing  to  its  exceptionally  fine  grain.  It  is  entirely  impossible  to  separate  it  com¬ 
pletely  from  the  products  of  the  reaction,  and  it  sublimes  during  the  distillation, 
contaminating  tne  amino  silanes .  The  64  g  of  reaction  products  yields  Vv.6  g  of 
hexaethylcyclotriaminosilane.  The  slightly  lowered  nitrogen  content  of  the  trimer 
gives  grounds  for  supposing  it  to  be  contaminated  by  compounds  of  linear  structure, 
of  the  type 
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Cl  IjJlCjI  I5);SiNI  l|„Si(CjH6);CI  I:, 


Preparation  of  Jiethyltetramethylaminodisilane.  In  tvd.ce  its  volume  of  ether, 
284  g  of  ethyldimethylchlorosilane,  obtained  by  reacting  dimethyldichlorosilane  with 
ethylmagnesium  bromide,  is  dissolved.  The  solution  is  added  to  an  ethereal  solution 
of  ammonia,  according  to  the  method  we  have  described  for  the  preparation  of  pol;"di- 
ethylcycloaminosilanes.  Most  of  the  ether  is  distilled  off  from  the  reaction  pro¬ 
duct.  The  product,  boiling  above  45°C,  is  fractionated.  After  the  remaining  traces 
of  ether  are  distilled  off,  the  temperature  falls  to  23°C,  and  then  rises  again;  at 
first  to  95°3,  and  then,  rapidly,  from  104°C  to  157°C,  giving  off  a  considerable 
quantity  of  ammonia.  The  fractionation  :rields  26  g  of  ethyldim.ethylaminosilane  and 
33  g  of  s^Tn-diethyltetramethylaminodisilane.  The  residue  of  35  g  consists  mainly  of 
iiethyltetramethylaminodisilane.  The  fall  in  the  temperature  was  due  to  the  libera¬ 
tion  of  ammonia  owing  to  the  deamination  of  ethvldimethylamino3ilane: 


Tthyldimethylaminosilane,  probably,  is  formed  at  room  temperature  and  is  stable  un¬ 
der  these  conditions,  but  is  decomposed  on  heating  to  below  the  boiling  point. 

Preparation  of  Octanethrlaninotrisilane.  A  mixture  cf  81  g  of  hexamethylamino- 
disilar.e,  37  g  of  hexamethylcyclotrianinosilane,  and  0.5  g  of  ammonium  chloride,  i3 

heated  in  an  180  ml  bomb  at  300  -  325°C  for  26  hours.  The  pressure  in  the  bomb  rises 
2  2 

from  175  kg/cn  to  213  kg/cm  .  Then  the  bomb  is  opened,  a  considerable  amount  of  am¬ 
monia  is  given  off.  The  reaction  product  is  fractionated  ir.  a  column  with  15  theo¬ 
retical  plates,  yielding  60  g  of  hexanethylaminodisilane  and  19  g  of  octarethylard.no- 
trisilar.e. 

The  thermal  rearrangement  reaction  also  proceeds  at  \}C° 2  in  14  hours,  and  at 
350°d  ir.  r'2  hours.  In  all  cases  the  rectification  curves  coincide,  which  is  evi¬ 
dence  that  equilibrium  is  established  in  the  process  of  thermal  rearrangement. 
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I  reparation  of  ^rimethylcyclotriaminosilane.  In  the  sane  way  described  for  the 
preparation  of  polyethylcyclopolyaminosilar.es,  230  g  of  r.e thyldichloro  silane  is  treat- 
el  with  ammonia.  After  the  ether  has  been  distilled  off,  60  g  of  a  viscous  oily  sub¬ 
stance  is  obtained,  -which  does  not  boil  when  heated  to  195°0.  This  oily  product  is 
s-\r  ,'eote  l  to  thermal  rearrangement  in  a  stream  of  nitrogen,  yielding  25  "  of  a  mobile 
liquid,  Ammonia  is  given  off  during  the  process  of  degradation.  The  residue  in  the 
flash  is  a  porous,  brittle  resin,  which  3hows  no  change  on  further  heating,  and  re¬ 
acts  very  slow!"  with  ar.  alcoholic  solution  of  hOli. 

her.  the  collected  distillate  is  fractionated,  it  gradually  decomposes,  evolving 
ammonia . 

After  "'.2  rl  of  a  fraction  boiling  from  166  -  16S°T  has  been  collected,  the  con¬ 
tents  of  the  flash  coagulate.  The  gel  reacts  -with  considerably  more  energy  with  an 
alcoholic  solution  of  alkali  than  the  residue  after  thermal  rearrangement  did. 

To  Judge  by  its  boiling  point,  the  distillate  is  an  impure  trimethylcyclotri- 
ariuosilane. 

The  evolution  of  arenonia  during  the  thermal  degradation,  as  well  as  during  dis¬ 
tillation,  is  evidence  of  the  folio-wing  rearrangement: 

ll 

•-<  I  |,Si\|  h1(* — *■  Id'll,  Sill  |.,\s|n  .  /(Ml, 

The  tendency  to  form  cyclical  compounds  is  more  pronounced  in  the  amino  deriva¬ 
tives  than  in  the  siloxanes.  The  yield  of  cyclic  trimer  is  U.5  -  55%  in  the  case  of 
the  aminosilane,  and  0.5%  in  that  of  the  siloxane. 

Table  70  gives  the  physical  properties  of  cyclic  polyalkylaminosilanes. 

Alkox~r-  ( arvloxy )- Amino  silanes 

The  alkoxyaminosilanes  may  be  regarded  as  amides  of  crthosilicic  acid,  and  ar¬ 
ranged  in  the  following  series: 
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<RO)»SiNHs;  (RO)*Si(NH*)»;  ROSi(NH,), 


Like  the  amides  of  the  carboxylic  acids,  they  enter  into  the  reactions  of  hydro¬ 
lysis,  alcoholysis,  and  asdnolysis. 


Table  70 

Physical  Properties  of  Cyclic  Polyalkylamlnosilanes  (Bibl.30,  31) 


1 

^  1 

1 

b> 

O 

•c 

d) 

•c 

O) 

20 

nD 

i  D 

1  4° 

Hexane thyl cyclotri- 
l an  no  ail  ane) 

|(CH,),SiNHjs 

138 

(456  Mm  ) 
255 

(756  rnm) 
150 

(10  mm) 

190-192 

(10  mm) 

-10 

1,4448 

11,9198 

Octanethyjcyclptetra- 
(  mu  do  ai  lane) 

KCHjlfSiNHl, 

97 

— 

Hexamthylcyclotri- 

(aminoailane) 

((C|H()tSiNH)t 

—41 

1,4670 

0.9287 

Octaethylcyclotetra- 

(aminoailane) 

{{CjH,),SiNHl« 

10 

1,4769 

0.9521 

a)  Name;  b)  Formula;  c)  Boiling  point  °C;  d)  Melting  point  °C; 
e)  Refractive  index  n^°;  f)  Specific  gravity,  d^° 

The  tert-alkooQraminosilanes  have  acquired  the  greatest  practical  importance. 
These  are  compounds  in  which  at  least  one  tertiary  alktxxy  group  and  one  amino  group 
are  attached  to  one  silicon  atom. 

They  may  be  prepared  in  two  stages  from  Sid^,  the  corresponding  alcohol,  and 
ammonia.  If  all  the  alkooy  groups  are  required  to  be  tertiary,  the  reaction  between 
the  tertiary  alcohol  and  SiCl^  is  conducted  in  the  presence  of  an  acceptor  of  acid, 
for  example  pyridine. 

In  the  first  stage  of  the  synthesis,  the  tert-alkoxychlorosilane  is  obtained. 
Treatment  with  ansonia  then  converts  it  into  the  corresponding  amino  silane: 


2ROH  +  SiCI«  +  2C.H.N - ►  (RO)tSiCI,+ 2C,H,N.HCI 

(ROHSiCI,  +  4NH, - >  (RO),Si(NH,),  +  2NH,CI 
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By  appropriate  choice  of  the  starting  materials  and  the  reaction  conditions,  mono-, 
di-  and  tri-tert-alkoxyami nosilanes  may  be  prepared.  Tert-allcoxytrichlorosilane  re¬ 
acts  first  with  ammonia,  forming  soluble  and  fusible  resinous  condensation  products, 
which  continue  to  undergo  condensation,  liberating  ammonia,  and  soon  become  insoluble 
and  infusible.  Trialkoxymonochlorosilane  and  dialkoxydichlorosilane,  on  the  contrary, 
do  form  the  corresponding  aminosilanes  in  good  yield. 

On  treatment  of  di-tert-buteoqrdichlorosilane  with  amnonia,  d i- 1 ert-but oxyd i- 
aminosilane,  (C^H^O^SiCNH^),  is  formed.  Alkoxysilanes  of  the  type 
(H0)x(R*0)ySi(NH2)^  have  been  synthesized  by  this  method,  R  and  R»  varying  from 

CH^  to  and  x  *  y  from  2  to  3» 

Table  71  gives  the  properties  of  certain  tert-alkoxy amino silanes. 

The  most  important  representative  of  this  series  of  compounds  is  di-t er t-butoxy- 
diaminosilane.  On  hydrolysis  of  this  compound  by  cold  water,  di-tert-butoxysilane- 
diol  is  formed.  It  is  readily  resinified  on  heating  or  during  the  very  process  of 
hydrolysis  at  an  elevated  temperature. 

When  alcohols  act  on  dibutoxydiamdnosilane ,  the  liberation  of  ammonia  and  the 
formation  of  dibutoxydialkoxy silanes  are  observed.  Methanol  reacts  rapidly,  while 
the  other  alcohols  replace  only  one  amino  group.  For  complete  substitution,  heating 
is  necessary.  The  tertiary  alcohols  react  very  slowly. 

The  amino  groups  in  di-tert-butoxydiaoiinosilane  may  also  be  replaced  by  the 

S> 

R  -  NH  -  group,  or  by  the  acid  residue  R—G 

\)_ 

|(CH,),CO)^i(NH|),  +  2RNH,  —  >  |(CH,),C01,Si  ( NHR),  +  2NH* 

((CH$)|CO)tSi(NHt)t  +  4RCOOH - »  [(CH,),CO|,Si(OOCR),  +  2RCOONH, 

When  tert-butaxytrichlorosilane  is  treated  with  amnonia,  polymeric  products  are 
obtained. 

On  heating  to  200°C,  dibutoxydiaminosilane  gives  off  amnonia  and  forms  a  cycli¬ 
cal  polymer  of  the  composition  [(C^H^OjgSiNH]^. 
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Table  71 

Physical  Properties  of  Alkoxyaminosilanes  (Bibl.32) 


b) 

O 

•c 

d) 

* 

e 

.20 

nD 

Methoxy-  tert- butoxydi - 
aninoailane 

CH*°\Si/NH* 

(CH ,),CO ^  \nh, 

C*H‘0\s./NH» 

(CH.J.CO/  ^NH, 

62—65 

( 12  mm) 

1  .41.30 

Ethoxy-  tert-  butoxydi  - 
aminoailane 

63— 66 
(9  mm) 

64— 65  I 
(8  mm)  1 

0,961 

1.4185 

(CH,),CHONs  /NH, 
(CH$)£HO/  ‘XNH, 

I aopropoxy- tert-butoxy 
cuamnoailane 

0,934 

1  .4170 

Dutoxy- tert- butoxydi - 
aminoailane 

C4H,0Xs/NH, 
(CH^,C0/  ^NH, 

m  •  •  mt  l/N  meet 

66-68 
(3  mm) 

0.939 

1 ,4260 

Sec-butoxy- tert-butoxy 
di  aminoailane 


Ci-  ter(>  butoxydi  amino¬ 
ailane 


Di- tfrt-  jmyloxydi- 
aminoailane 


Tri- terj.-  butoxy- 
aminoailane 


Methpxy-  tprt-butoxy- 
aminoailane 

DUfcoyydi-  tert- butoxy- 
mnoulsu 


I aopropoxy- tert- butoxy- 
aminoailane 


Diieopropcxy-tfrt- 
batoxy  aninoail  at 


dH,  ^Sf/ 

(CH,),CO/  XNII, 

(CH,)»00Nsj/NH, 

(CHt)tCQ/  NNH, 
(CH,)*COv  /Nil.. 

<£*.  >S|/ 

(CH,)gCO/  XN1I, 

di, 

tCH,)*CON 
(CH,),CO— ^Si-NH, 

(CH,),CO// 

CH^)X 

(CHa),CO/ 

C,H,0. 


92—95  0,928  1 .42IC 

(7  mm) 


70—72  0.928  1.4192 

(10  mat) 


105—110  0.931  I.43HO 

(15  am) 


82—85  I  0,982  1 .4080 

(10  mm) 


72—73  0,924  1,4052 

(15  mm) 


<CH,),£0— 7S1— NH-  i  113—  1 14  0,901  1,4149 


(CH,)^0/ 

(CH^CHOn 

(CH,)£0— ^Si-NH, 

(CH,)^0/ 

(CH,)*CHO.n 

(CH,)*CHO— ^Si-NH, 

(CH.JjCO7 


(15  mm) 


83—84  0,899  1 ,4053 

(17  mm) 


57—00  0,884  1,401* 

(3  mm) 


a)  Haas;  b)  Formula;  e)  Bolling  point;  d)  Specific  gravity;  e)  Refractive 

index 
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The  butojqraminosilanes  are  used  to  prepare  water-repellent  films  on  materials 
that  could  react  with  HC1,  and  which  could  consequently  not  be  made  water-repellant 
by  treatment  with  vapors  of  alkylchlorosilanes . 

The  reaction  of  di-tert-butoxyaminosilane  with  amino-alcohols  forms  esters  of 
orthosilicic  acid  containing  an  amino  group  in  the  organic  radical  (Bibl.31). 

(C«H»0)jSi(NH|)j  +  2HOCH,CH,NH, - ►  (C4H,0),Si(0Ci  l,CH,NH,),  +  2N1 l3 

The  reaction  proceeds  for  several  hours  on  boiling  an  equimolecular  mixture  of  the 
reagents.  Its  course  is  followed  by  determining  the  loss  of  weight  due  to  the  am¬ 
monia  evolved.  On  conclusion  of  the  reaction,  the  mixture  is  fractionated  under  re¬ 
duced  pressure. 

The  products  so  synthesised  are  viscous,  colorless  liquids  with  a  faint  odor. 
Products  1  and  6  (cf .Table  72)  are  soluble  in  water.  Product  1  is  soluble  in  lig- 
roin,  bensene,  CCl^,  alcohol,  acetone,  ether,  and  pyridine.  Most  of  the  products  are 
basic  in  character,  and  are  titrated  quantitatively  against  HC1,  using  methyl  red  as 
an  indicator.  In  soms  cases,  side  reactions  leading  to  the  formation  of  butanol  and 
hexabutaxyaminodisilane 


(C«H,0),SiNHSi(tX^H,), 

are  observed  in  the  course  of  the  synthesis. 

During  the  synthesis  of  product  2,  a  fraction  (Bibl.12)  was  separated,  with 
boiling  point  130°C,  refractive  index  n^  *  1.2,261,  and  specific  gravity  d^  = 

*  0.9181,  consisting  of  dibutoxy-( 2-diet hylandnoethoxy)-aminosilane; 

(Qi  I,Oj,[(CtH,)1Na  l,CH,0]SiNI  I, 

Preparation  of  Di-tert-butoxvdl-CaminoethoaaO-aminosllane.  A  solution  of  1  mol 
of  di-tert-butoxydiaminosilane  and  2  mols  of  aminoethyl  alcohol  is  heated  1  to  3 
hours  at  150  -  200°C.  After  the  theoretical  quantity  of  hydrogen  has  been  evolved, 

62,5 
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the  product  is  distilled  under  reduced  pressure,  giving  d i-t ert-but  oxydi ( aminoeth- 
oxy)  =  aninosilane  in  yields  ranging  from  4 0  to  10%  of  theoretical  (Bibl.31). 

By  using  different  amino-alcohols,  a  number  of  t ert-but oxy  amino poly  siloxanes 
are  prepared.  Their  properties  are  given' in  Table  72. 


Table  72 

Physical  Properties  of  Di-tert-butoxyaminoalkoxy  silanes 


b> 

c) 

c 

ol) 

•2 

e) 

d20 

Ci.7  tert-butoxy- 
di  ( mi  noethoxy )  - 
silane 

di(diethylamino- 

ethoxyJsilane 

L17  tert- butoxy- 
di  ( aminoiso- 

■ 

|(Ci  !,W'0]2Si(OCH2CH2NU8)n 

144 

(  16mm) 

1  ,4269 

0,9731 

[(Cl  l;,).CO|;Si|(X:HiCH,N(C,l  1,  );i, 

197 

1 ,4272 

0,9096 

|(CII,);1(:O|!1Si|0CM(C:Hs)CH,NU;|!! 

(33  mm ) 

107 

(  1  mm) 

1 .4264 

0.9548 

Dropoxy )  silane 
la-tert-butoxy- 
di ( amino- 3- 
butoxy)  silane 
tert-butoxy- 
di ( amino- 3-methy  1- 
3-propoxy)silane 

((Cl  CO)tSi(OCH^H(NHj)CHj(:i  1  ,|/ 

133 

( 1  mm  ) 

1,4266 

0,9462 

((CH,)  ,CO)^i((X-H,C(CI  1,)(NH,)(.[  1,1- 

126 

(4  mm) 

1,4246 

0,9328 

Dj-:tert-butoxy7 
ai( amino- 4- amino- 

[  (CH  ,),CO|;Si(OCf !/:)  IjNHCHjCHjN!  1,). 

187 

(3  mm) 

1 ,4495 

0.9911 

6- butoxy)  si  lane 

a)  Name;  b)  Formula;  c)  Boiling  point,  °C;  d)  Refractive  index, 

e)  Specific  gravity,  d20 


Hydrolysis  of  Alkoxvaminosilanes 

The  tertiary  alkoxy amino silanes  are  readily  hydrolyzed  with  liberation  of  am- 
monia,  forming  the  corresponding  alkoxy silanols 

(RO)^i(NH,),  +  2H50  >  (KO),Si(OH):  +  2N 

It  should  be  noted  that  the  stability  of  the  tertiary  alkoxy  groups  to  hydroly¬ 
sis,  especially  in  an  alkaline  medium,  is  characteristic  for  the  tertiary  alkoxy- 
s i lane s  and  tertiary  polyalkoxysiloxanes . 
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The  tertiary  alkoxypolysiloxane  reeine  may  remain  in  contact  with  water  (vapor 
or  liquid)  for  a  long  time  without  visible  change  in  their  properties. 

The  stability  of  such  resins,  prepared  from  the  corresponding  tertiary  alkoxy- 
aminosilanes,  to  hydrolysis,  and  their  hydrophobic  character,  are  utilized  in  prac¬ 
tice. 

Hydrolysis  of  Di-tert-butoxvaminosilane.  A  mixture  of  9«5  g  of  di-tert-butoxy- 
amino silane  and  20  g  of  ground  ice  is  shaken  for  5  min.  White  needles  are  thrown 
down  from  the  reaction  mixture,  and  are  dissolved  in  100  g  of  low-boiling  petroleum 
ether.  The  ether  layer  is  separated  and  evaporated  under  reduced  pressure,  yielding 
5.37  g  of  white  needles,  melting  at  99  -  101°C,  which,  according  to  the  analytical 
results,  correspond  to  di- 1 er t-butoxy silanediol .  The  water  layer  is  separated  and 
extracted  twice  with  50  apportions  of  ether.  The  ether  extracts  are  dried  over  an¬ 
hydrous  potassium  carbonate  for  1  hour,  and  are  then  filtered  and  evaporated  under 
reduced  pressure.  The  residue  (3.75  g)  consists  of  crystals  of  di-tert-butoxysilane- 
diol  and  products  of  its  condensation. 

According  to  the  degree  of  condensation,  high-viscosity  liquids,  soluble  or  in¬ 
soluble  resins,  or  hard  infusible  products  may  be  obtained. 

Reactions  of  Alcoholysis  and  Aminolysis  of  Alkoaoraminoailanea 

The  dialkoxyaminosilanes  react  readily  with  most  primary  and  secondary  alcohols 
at  ordinary  temperatures  to  form  mixed  ortho-esters: 

(RO)|Si(NHt)i  +  2R'OH - -  (RO),(R'OhSi  +  2NH, 

Both  amino  groups  readily  enter  into  the  reaction  with  methanol.  The  higher  al¬ 
cohols,  however,  react  with  the  second  amino  group  only  on  heating. 

At  an  elevated  temperature  the  second  amino  group  reacts  more  readily  with  pri¬ 
mary  alcohols  than  with  secondary.  With  tertiary  alcohols  the  reaction  proceeds 
very  slowly,  and  the  second  amino  group  does  not  participate  in  the  reaction  at  all. 
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It  must  be  noted  that  the  di-tert-alkoxydichlorosilanes  display  higher  activity 
toward  alcohols  than  the  corresponding  aiuinosilanes  do.  In  the  case  of  the  chloro- 
ailanea,  the  reaction  is  conducted  in  the  presence  of  tertiary  amines,  for  instance 
pyridine. 

Polyhydric  alcohols  react  with  alkoxyaminosilanes  to  form  various  products: 
liquids  of  various  degrees  of  viscosity,  insoluble  and  infusible  gels  and  powders. 

Alkyd  resins,  which  regarded  as  a  special  class  of  derivatives  of  polyhydric  al> 
coho Is,  react  very  readily  with  di-t  ert-alkoxy amino  silanes .  The  admixture  of  small 
quantities  of  alkoxyaminosilanes  with  the  alkyd  resins  improves  certain  of  their 
properties,  and  may  be  used  to  accelerate  their  gelation.  Complete  alcoholysis  of 
alkoxy  amino  silane  s  or  alkoxychlorosilanes  leads  to  the  formation  of  mixed  ortho¬ 
esters  distinguished  by  their  resistance  to  hydrolysis.  The  introduction  of  even  a 
single  tertiary  alkoxy  group  into  the  ortho-esters  considerably  increases  their  re¬ 
sistance  to  water,  since  such  alkoxy  groups  exert  a  stabilizing  influence  on  the  pri¬ 
mary  alkoxy  groups  attached  to  the  same  silicon  atom  (Bibl.32). 

When  heated  to  200°C,  the  di-tert-alkoxydiaminosilanes,  which  under  ordinary 
conditions  are  stable  compounds,  undergo  intramolecular  condensation  to  form  polyalk- 
oxycycloaminosilanes : 

*(RO),Si(NH,),  I(RO)^iNH|,  +  *NH, 

The  polyalkoxycycloaminosilanes  have  been  little  studied,  and  the  intramolecular  con¬ 
densation  of  this  type  has  not  been  sufficiently  investigated. 

The  tertiary  alkoxyaminosilanes  are  widely  used  in  industry,  owing  to  their 
ability  to  impart  water-repellant  properties  to  most  materials.  Por  instance,  treat¬ 
ment  of  a  clean  glass  surface  with  a  l£  solution  of  di-tert-butoxydiamino silane  in  a 
dry  hydrocarbon  solvent,  followed  by.  heating  to  100  -  150°C  for  1  to  2  hours,  makes 
that  surface  completely  unwet  table  by  water.  The  same  effect  may  be  attained  by  us¬ 
ing  tertiary  alkoxychlorosilanes  or  tertiary  alkylchlorosilanes.  In  these  cases. 
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however,  the  volatile  by-produet  is  HC1  instead  of  ammonia,  so  that  this  treatment 
cannot  be  applied  to  acid-sensitive  materials,  such  as  cellulose,  for  instance. 

The  alkoxyaminoailanes  may  be  applied  in  the  vapor  form,  in  the  form  of  undilu¬ 
ted  liquids,  or  together  with  solvents.  The  choice  of  the  method  depends  mainly  on 
two  factors,  the  character  of  the  material  to  be  treated,  and  the  nature  of  the  equip¬ 
ment  used.  For  treating  most  materials  it  is  best  of  all  to  use  them  in  the  form  of 


Pig. 33  -  External  View  of  Asphalt  Specimens  after  the  Action  of  Moisture 
a  -  Specimen  treated  with  tert-alkozy  amino silane;  b  -  Untreated  specimen 

diluted  dilutions  in  inert  solvents,  or  in  the  form  of  aqueous  emulsions.  The  use 
of  andnosilanes  in  road  construction  as  an  agent  to  reduce  the  peeling  of  the  asphalt 
from  the  stones,  that  is  usually  due  to  the  action  of  moisture,  has  been  proposed. 

Figure  33  shows  specimens  of  asphalt  (binding  the  rock)  under  the  action  of 
moisture  on  them.  Figure  (a)  shows  a  specimen  treated  with  tertiary  alkoxyamino- 
silane,  while  Fig.(b)  shows  an  untreated  specimen. 

AlkyL-(Aryl)-Aainohalosilanes 

The  aminohalosilanes  are  products  of  the  incomplete  aminolysis  of  tetrahalo  com¬ 
pounds  of  silicon  or  of  halo-substituted  andnosilanes,  which,  for  instance,  in  the 
case  of  the  chlorine  derivatives,  form  the  following  series: 
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Cl.SiNH, 

CUSiNHR 

CI.SiNRj 


CljSi(NHj)i 
CljSi(NHR), 
ClfSi(NR  j)j 


CISi(NH|), 

CISi(NHR), 

ClSi(NRj)* 


where  R  is  an  alkyl  or  aryl  radical. 

Diethylaminotrichlorosilane  is  prepared  by  reacting  2  zaols  of  dlethylamine  and 
1  mol  of  SiCl^: 


2  (C,H,),NH  +  SiCI, - ►  (C,H,),NSiCI,  +  (CtH,)»N-HCI 

The  reaction  is  vigorous. 

A  solid  mass  is  formed,  which  ie  washed  with  ether  in  the  flask,  filtered,  and 
distilled  in  vacuum,  yielding  pure  diethylaoinotrichlorosilane,  a  colorless,  mobile 
liquid,  fuming  in  the  air;  boiling  point  104°C  (80  am).  Dibutylwnrl notrichlorosilane 
is  prepared  in  the  same  way.  It  is  a  colorless  liquid,  boiling  at  120°C  (30  am), 
that  becomes  slightly  turbid  in  the  air  and  threats  down  a  solid,  gelatinous  mass. 

It  is  gradually  decomposed  by  water. 

The  aryl  derivatives  of  the  chloroandnosilanes  are  prepared  by  the  action  of  an¬ 
iline  on  SiCl^  in  dry  benzene  solution.  The  reaction  liberates  considerable  heat, 
forming  a  mixture  of  difficultly  separable  compounds. 

SiCU  +  «C,H,NH, - *  CltSHNHQH,),  +  2C«H,NH,  HCI 

Diphenylaminodichloroailane  in  the  pure  state  has  not  yet  been  isolated,  owing 
to  the  considerable  viscosity  of  the  reaction  products.  These  compounds  have  been 
very  little  studied.  Mo  products  of  the  reactions  between  secondary  arylaoines  and 
Si Cl,  have  been  prepared.  The  alkyl- ( aryl )-aminohalosilanes  are  decomposed  by  water, 
forming  silicon  dioxide: 

a,Si(NHC,H,),  +  2H,0  --  SiO,  +  2C,H,NH,  +  2HCI 
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Alkyl- ( Aryl )-Iminosilanes 


The  alkyl-  and  aryliminosilanes  may  be  regarded  as  derivatives  of  such  inorganic 
compounds  as  nitrylsilane  and  diiminosilane. 

Nitrylsilane,  HSiN,  is  an  analog  of  HCN,  and  the  possibility  of  preparing  it  by 
the  reaction  of  silicochloroform  and  ammonia  was  pointed  out  as  far  back  as  1899 
(Bibl.35). 

•iomewhat  later,  nitrylsilane  was  prepared  by  other  investigators,  who  conducted 
this  reaction  in  an  atmosphere  of  hydrogen  (Bibl.34)»  The  reaction  is  very  vigorous, 
and  requires  cooling: 


I  ISiCI,  +  4NH, - ■>  HSiN  +  3NH4CI 


The  isolation  of  nitrylsilane  is  very  complicated,  owing  to  the  difficulty  of  remov¬ 
ing  the  ammonia  from  the  reaction  products,  and  to  the  ease  with  which  silicodiimine 
is  formed  from  nitrylsilane  and  ammonia. 


HSiN  +  NH,  '  Si(NH),  +  H, 

The  complete  removal  of  the  ammonia  is  effected  in  vacuo  at  100°C. 

Diiminosilane  may  be  regarded  as  the  amide  of  nitrylsilane,  N  -  SiNH^.  It  is 

easily  formed  by  the  reaction  of  Si Cl.  with  ammonia,  and  was  first  prepared  by  means 

U 

of  this  reaction  (Bibl.10).  It  is  believed  to  be  tautomeric 

Sif  <-  NESiNH, 
i  II 


like  the  tautomerism  of  its  carbon  analog,  carbodiimide  and  cyanamide: 


C^NH 

'^NH 


N=CNH, 


Diiminosilane  has  been  described  in  detail  by  Leufeld,  who  prepared  it  from  a  benzene 
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solution  of  SiCl^  and  anmonia  (Bibl.35).  In  the  first  stage,  Si(NH2); ,  tetraamino- 
silane  is  formed,  which  easily  liberates  anmonia,  giving  the  diimdne. 

SICI«  +  4NH,  - *  Si(NH,)«  +  4HCI 

Si(NH,)« - >  2NH,  -(-  Si(NH), 

It  has  been  established  by  a  number  of  analyses  that  diiminosilane  is  the  principal 
product  of  the  reaction,  in  the  absence  of  moisture  and  air.  It  is  always  obtained 
mixed  with  ammonium  chloride.  Other  workers  have  observed  a  similar  reaction  (Bibl. 
36).  Diiminosilane  is  also  obtained  by  the  action  of  nitrogen  on  calcium  silicide 
(Bibl.37).  In  this  case,  a  mixture  of  compounds  is  formed:  CaSiN2  and  Ca(SiN)2. 
Under  the  action  of  HCl,  calcium  silanamide  is  decomposed,  forming  iminosilane: 

CaSiN,  +  2HCI - >  CaCI,  +  Si(NH), 

Diiminosilane  and  its  derivatives  are  likewise  easily  prepared  by  reacting  silicon 
disulfide,  SiS2,  with  anmonia  at  a  lew  temperature  (Bibl. 38): 

SiS,  +  4NH, - -  Si(NH),+  2NH4SH 

The  same  authors  also  prepared  diiminosilane  by  the  reaction  of  sulfodichlorosilane 
with  anmonia: 

SSiCI,  +  5NH, - -  Si(NH),  +  2NH.CI  +  NH.SH 

and  also  by  washing  the  reaction  products  of  Sid^  and  amonia  with  liquid  anmonia, 
in  which  diiminosilane  is  readily  soluble: 

SiCU  +  6NH1  - *•  Si(NH),  +  4NH.CI 

Nitrylsilane,  HSiN,  is  a  white  powder  with  a  sharp  odor,  which  is  easily  con¬ 
verted  by  water  into  a  polymeric  product  of  the  composition  (H3i01#j)n.  The  forma¬ 
tion  of  the  polymer  is  believed  to  take  place  in  the  following  way: 
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HSIN  +  3H,0 - *■  HSi(OH),  +  NH, 

/jHSi(OH), - ■*  (HSiOt  8)n  -f  1 ,5nHjO 

Under  the  action  of  an  alkali ,  nitrylsilane  evolves  hydrogen: 

HSiN  +  4NaOH - ►  Si(ONa),  +  NH,  +  H, 

Diiminosilane  in  the  pure  condition  has  the  form  of  feathery  flakes,  which  grad¬ 
ually  decompose  under  the  action  of  the  moisture  of  the  air,  forming  silicon  dioxide 
and  amonia. 

Under  the  action  of  water,  decomposition  is  instantaneous  and  liberates  a  large 
quantity  of  heat.  When  heated  up  to  1000°C,  diiminosilane  remains  unchanged,  but  at 
temperatures  above  1000° C  it  gives  off  amonia,  forming  di nit  rylaminodi silane; 

2Si(NH), - >  NESi  —  NH  —  Si  =  N  +  NH, 

which  is  a  very  stable  white  solid.  When  dinitrylaminodisilane  is  heated  above 
1200°C,  it  gives  off  amonia  and  forms  the  silicon  nitride  N^Si^ . 

Under  the  action  of  HC1,  diiminosilane,  like  tetraaminosilane,  does  not  form 
salts,  but  decomposes,  forming  Si&^t 

Si(NH),  +  6HCI  -  >  SiCI,  -f  2NH.CI 

Hexachlorodisilane ,  SigCl^,  reacts  with  dry  amonia  to  give  diamLnodiioinodi- 
silane  (Bibl.39).  The  reaction  takes  place  even  at  low  temperatures: 

Si,CI.  +  I0NH,  -  6NH,U  +  Si,N,l  I, 

4 

This  compound  is  believed  to  have  the  following  structure: 

NHk  yNII, 

NH>-S'<N„ 
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When  the  temperature  is  increased  to  -10°C,  a  molecule  of  ammonia  is  split  off  from 
the  diamlnodiimlnodisilane ,  forming  a  different  confound:  triiminodisilane,  which  has 

the  structure  I iN=Si— Si— Nil 

NH 

In  the  presence  of  moisture,  even  in  traces,  triiminodisilane  decomposes  with 
flashes  and  strong  heating*  When  it  is  heated  on  a  spatula,  it  explodes. 

Triiminodisilane  is  a  bulky  white  solid,  readily  soluble  in  liquid  amnonia.  It 
is  rather  stable  at  room  temperature.  It  decomposes  above  400°C  with  cleavage  of  am> 
monia,  forming  a  polymeric  silicon  nitride: 

„HNUSI— SI«NH  —  >  (Si,N,)n  „NH, 

Triiminodisilane  is  distinguished  by  extreme  sensitivity  to  moisture.  It  should 
be  noted  that  all  compounds  containing  the  Si  -  N  bond  are  easily  hydrolyzed  by  water 
and  decomposed  by  H&: 


RtSi(NHR),+  2H|0  >  SiR^OH),  +  2RNH, 

RfSi(NHR),  +  4HCI - >  R,SiCI,  +  2RNH,.HCI 


The  above  described  compounds  of  silicon  and  nitrogen,  in  contrast  to  the  ana¬ 
logous  carbon  compounds,  are  extremely  unstable  substances  (Bibl.l),  and  instead  of 
monomeric,  highly  volatile  compounds,  high- polymer  products  are  formed  in  this  case. 

Dlaminod iisd  nodisilane  say  be  considered  the  analog  of  diaminodiiminoethane 
(Bibl.M». 

NHNc_c/NH‘ 

NH^  ^NH 

but,  in  contrast  to  diaarined  11  mi  noethane,  it  is  iaaed  lately  broken  down  by  water, 
forming  polymeric  silicon  dioxide  as  a  stable  end  product. 

Attempts  to  prepare  alkyl  and  aryl  derivatives  of  nitrylsilane,  of  the  type 
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RSiN,  have  up  to  now  been  unsuccessful  (Bibl.^l).  By  bromination  of  tetraphenyl- 
amino silane,  Reynolds  has  prepared  the  only  known  haloaryltrisilane,  Br^C^H^SiN 
(Bibl.4,2): 

Si(NIIC,lls)j  •- 3Br«  -  >  Sif  +  3C,H,NH,  +  4HBr 

XC»H,,Br,. 

As  tetraaminosilane  is  converted  on  heating  into  the  more  stable  diiminosilane , 
so  tetraphenylaminosilane,  when  heated,  passes  over  Into  di-(phenylimino)- silane: 

Si(NH,)« - >  Si(NH),  -j-  2NH, 

Si(NHC,H»)4 - >  Si(NC,H,),  +  2C.H.NH,. 

Di-( phenylimino)-silane  should  apparently  be  regarded  as  an  isomer  of  diphenylaoino- 
trisilane; 


Si(NC,H,),;  N=Si-N(C.H,), 


as  aminonitrylsilane  is  isomeric  with  diiminosilane.  This  has  been  confirmed  by 
Reynolds,  who  has  established  the  formation  of  two  modifications  of  di-( phony limino)- 
silane,  one  compound  that  is  soluble  in  benzene  (sym-SitNC^H^  ,  and  an  insoluble 
compound  whose  structure  has  not  been  established. 

0i-(phenylimino)<-8ilane  is  best  prepared  by  vacuum  distillation  of  tetraphenyl¬ 
aminosilane,  which,  under  these  conditions,  splits  ofX  aniline,  and  passes,  by  way 
of  di-phenylamino-phenyliminosilane,  into  di-phenylindno-silane: 

Si(NHC,H,)« - *  (C*H,NH)fSi  =  N-C.H,  +  C.H.NH, 

(C*H,NH),Si“  N— C«H, - ►  (C,H,N)*Si  +  C,H,NH,. 

'Then  reacted  with  phenyl  mustard  oil,  d i- pheny limino- s ilane  forms  a  compound  that  is 
probably  of  the  following  structure: 
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These  compounds  are  derivatives  of  the  silicon  nitride  Si^  that  has  been  discussed 
above. 

Di- (, phenylinri.no )-ailane  is  prepared  by  the  action  of  aniline  on  tetrathiocy- 
anatosilane  on  heating,  since  cleavage  of  two  molecules  of  aniline  from' the  tetra- 
phenylaminosilane  initially  formed  results: 


Si(CNS)«  +  8C,H,NH,  -  Si(NHC,ll,)«  +  4C«H,NHrHCNS 
Si(NJlC,I!,)«  —  >  $i(N— C,H,),+  2C.H.NH. 

The  reaction  of  pyrrolpotassium  with  SiCl^  yields  a  tetrad-derivative  of  pyrrol, 
which  is  the  only  known  example  of  an  organosilicon  compound  with  four  nitrogen- 
containing  rings  (Bibl.43). 

Tetrapyrrolsilane  crystallizes  in  colorless  prisms  with  the  melting  point  of 
173*4°C,  difficultly  soluble  in  petroleum  ether,  but  readily  soluble  in  benzene, 
carbon  disulfide,  dichloroethane,  and  ether.  It  carbonises  on  heating. 
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Other  cyclic  organic  nitrogen  compounds ,  such  as  pyridine,  quinoline,  etc.,  form 
only  addition  products. 

Alkyl- (Aryl  )-ArH npalkylallanea  and  Aliffiryaminoalkylsllanes 

N  I 

Organosilicon  compounds  containing  —  Si  — C  -  N—  groups  in  their  molecules  may 

be  prepared  by  the  action  of  dry  ammonia  or  amines  on  compounds  of  the  general  formu¬ 
la  RjSiCH2-X,  where  R  is  an  alkyl,  aryl,  or  alkoxy  group,  and  X  is  a  halogen  atom: 

R,su:i  IjCI  4-  \t !,  —  >  RjSiCH.NH,  +  I ICI 


In  the  presence  of  water  or  alcohol,  cleavage  of  the  -  CHjCl  group  is  observed. 
For  the  more  complete  substitution  of  the  halogen,  use  of  a  twenty-fold  excess  of  am¬ 
monia,  or  a  threefold  excess  of  amine,  is  recount. .vied.  The  reaction  proceeds  at 
120° C,  under  pressure,  forming  50  -  70$  of  primary  amines,  20  -  30$  of  secondary 
amines,  and  small  quantities  of  unstable  substances.  Tertiary  amines  of  the  struc¬ 
ture  (R^SiCH^N  are  unstable,  decomposing  in  air,  and  it  has  not  been  possible  to 
isolate  them  (Bibl.2«4)< 

When  sodium  amide  in  liquid  ammonia  acts  on  trimethylchloromethylsilane,  tri- 
methylmethylaminosilane  is  formed: 

(CH,)»SiCH*CI  +  NsNH* - ►  (CH,),SiNHCH,  +  N*CI 

Distillation  of  this  product  liberates  methylamlne,  and  hexamethylmethylaminedi- 
silane  is  formed: 

2  (CH»)»SiNHCH, - ►  |(CH|)|Si]iNCK(  +  CH»NH» 

Certain  amino  derivatives  of  the  siloxanes,  containing  the  group 
Si  -  0  -  Si  -  C  -  NR2,  may  be  prepared  in  three  ways: 

1.  Di-( chloromsthyl)-tetramsthyldisiloxane  is  treated  with  ameonia  or  an  amine, 
yielding  a  mixture  of  products  difficult  to  separate. 
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2.  Kethyldiethoxyaminomethylsilane  is  hydrolyzed  in  aqueous  or  aqueous-alcoholic 
solutions,  forming  a  thermoplastic  polymer  soluble  in  water. 

Triethoxyaininomethylsilane  under  these  conditons  is  transformed  into  a  white 
amorphous  water-soluble  powder. 

3.  Compounds  of  the  type  (CH^J^SiCHgNR^  (where  R  may  be  the  group 

(CH^)^  -  Si  -  CH2-  ,  H,  or  an  alkyl  group)  are  heated  with  an  excess  of  sulfuric  acid 
at  100  -  110°C  for  6  to  36  hours.  Cleavage  of  methane  from  the  trimethylaminomethyl- 
silane  takes  place  under  these  conditions. 

A  synthesis  of  organosilicon  compounds  containing  p-dimethylaminophenyl  groups 
has  been  described.  Such  compounds  are  prepared  by  adding  two  or  three  equivalents 
of  p-dimethylaminophenyllithium  to  SiCl^.  The  mixture  so  formed  is  then  immediately 
hydrolyzed,  yielding  di-(p-dimethylaminophenyl)-3ilanediol  (Bibl.45).  Under  these 
conditions,  tri-(p-dimethylaminophenyl)-chlorosilane  and  tri-(p-dimethylaminophenyl)- 
silanol  may  be  prepared  in  satisfactory  yield  (Bibl.46). 

Treatment  of  tri-(p-dimethylaminophenyl)-silanol  with  concentrated  formic  or 
acetic  acid  forms  light  bluish  vitreous  polymeric  substances. 

Preparation  of  Triphenyl-p-dimethylaminophenylsilane.  To  an  ethereal  solution 
of  0.15  mol  of  SiCl^,  an  ethereal  solution  of  0.^5  mol  of  phenyllithium  is  added, 
forming  triphenylchlorosilane. 

To  this  solution  0.10  mol  of  p-dimethylaminophenyllithium  is  slowly  added.  The 
reaction  is  conducted  in  an  atmosphere  of  nitrogen. 

After  completion  of  the  reaction,  the  reaction  mixture  is  treated  with  water  to 
dissolve  the  Li Cl.  The  ethereal  layer  is  separated,  dried,  and  evaporated.  A  solid 
product  is  thus  isolated,  and  is  recrystallized  from  petroleum  ether.  The  crystals 
melt  at  144  -  146°C,  and  consist  of  triphenyl-p-dimethylarai ,  ophenylsilane.  The  by¬ 
product  tetraphenylsilane,  melting  point  233  -  235°C,  is  also  formed. 

Preparation  of  Pi- ( p-dimethylamino phenyl )-silanediol.  In  a  nitrogen  atmosphere 
0.17  mol  of  jxlimethylaminophenyllithium  is  added  to  a  solution  of  9.52  g  (0.056  mol) 
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cular  refraction;  g)  Found;  h)  Calculated 


of  SiCl^  in  ether  over  a  period  of  2  hours,  holding  the  temperature  of  the  reaction 
mixture  between  -15°C  and  -20°C. 

The  solution  is  stirred  30  min  at  room  temperature,  and  is  then  hydrolyzed  by 
water.  The  ethereal  layer  is  separated  and  dried,  and  the  ether  is  distilled  off. 

The  light  bluish  deposit  so  obtained  is  crystallized  from  a  mixture  of  benzene  and 
petroleum  ether,  yielding  di- ( p-dimethyl ami  nophenyl j-silanediol,  melting  point  173  - 
174°C. 

A  number  of  a- (aminomethyl ) -methyldialkoxy silanes  (Bibl.47)  and  -(phenylamino- 
methyl)-methyldialkoxy silanes  (Bibl.48)  have  recently  been  described.  The  former 
compounds  were  prepared  by  the  action  of  ammonia  on  halomethylethoxy3ilanes;  the  lat¬ 
ter,  by  the  action  of  aniline  or  ethylaniline  on  ehloromethylmethyldialkoxysilanes: 

.(JHoCI  yCH,NHC,H, 

<RO),Si £  +2H.NQH,  —  -  (RO)^i<f  +  C,H,NH.  HC| 

XCH3  xCH, 

,CjH, 

-CHjCl  .QH,  ..CH,n/  C*H». 

(RO)^ji^  +  2NH<  -*■  (RO^SiC  XC,H,  +  >NH  HCI 

NCH,  V,Ht  nCH,  -  Ctf/ 

The  reaction  is  conducted  at  atmospheric  pressure.  The  yield  of  the  reaction 
products  is  good,  but  decreases  with  increasing  number  of  alkoxy  groups. 

Preparation  of  (pherorlaminomethyl)-methyldialkoxysilanes  (Bibl.48).  In  a  flask 
with  reflux  condenser  are  placed  0.5  mol  of  a-chloromethylmethyldimethoxysilane,  1.5 
mol  of  aniline,  and  the  mixture  is  heated  3  to  4  hours,  with  stirring,  at  130  - 
140° C. 

A  precipitate  of  aniline  hydrochloride  is  thrown  down  during  the  reaction,  which 
is  removed  by  filtration,  and  washed  with  benzene;  the  filtrate  is  distilled  at  re¬ 
duced  pressure,  yielding  (phenylaminomethyl)-methyldimethoxysilane,  boiling  point 
139  -  141°C  (15  nm).  The  yield  is  48$  of  theoretical.  The  synthesis  of  (phenyl- 
aminomethylj-methyldiethoxysilane  is  similar. 

Table  73  gives  the  physical  properties  of  alkyl-(aryl)-aminoalkylsilanes  and 
alkyl- ( aryl )-aminoalkylsiloxanes ;  and  Table  74  those  of  alkyl- ( ary 1 ) -aminomethyl- 
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methylalkoxy silane s 


Silicon  Isocyanates 

Preparation  of  Isocyanatosilanes 

Organosilicon  compounds  containing  the  isocyanate  group,  -  N  =  G  **  0,  attached 
to  a  silicon  atom,  have  been  synthesized  a  few  years  ago.  The  literature  describes 
alkylisocyanatosilanes,  arylisocyantosilanes,  and  alkoxyisocyanatosilanes.  These 
compounds  are  obtained  on  the  reaction  between  alkyl-  or  arylchlorosilanes  and  silver 
isocyanate: 

<  .11, S, Cl.,  -f  ICONAr  —  •  CI-I,Si(NCO),  4-  3AgCI 

CjHjSiCl,  +  3CONAg  - - C,H,Si(NCO)s  +  3AgCI 

(RO)SiC',  4-  3CONAR  (RO)Si(NCO),  +  3AgCI 

Mono-  and  diisocyanato  derivatives  are  similarly  prepare a. 

Isocyanato  derivatives  are  easily  prepared  in  a  medium  of  solvents  that  do  not 
react  with  alkyl-  and  arylchlorosilanes,  nor  with  alkyl-  and  arylisocyanatosilanes. 
Hydrocarbons  of  the  aliphatic  and  aromatic  series  may  be  used  as  such  solvents:  ben¬ 
zene,  toluene,  propylbenzene,  xylene,  as  well  as  benzine  and  other  solvents  (Bibl. 
49).  The  reaction  temperature  is  80  -  90°C.  Silver  isocyanate  in  10  -  25$  excess 
is  used  in  the  reaction. 

Preparation  of  Methylisocvanatosilanes .  Into  a  solution  of  I48  g  of  methyltri- 
chlorosilane  in  benzene  (a  25$  solution),  490  g  of  silver  isocyanate  is  introduced 
in  three  portions.  The  mixture  is  heated  30  min  at  90°C.  The  suspension  of  silver 
chloride  is  then  filtered  off  and  washed  with  benzene.  The  methyltriisocyanato- 
silane  is  separated  from  the  benzene  solution  by  distillation;  boiling  point, 
170.8°C.,  Yield,  about  80$  of  theoretical. 

Preparation  of  Ethoxsrtriisocyanatosilane.  A  30$  solution  of  ethoxytrichloro- 
silane  in  benzene  is  heated  with  an  excess  of  silver  isocyanate  for  30  min  at  90°C. 
The  silver  chloride  is  filtered  off  and  washed  with  benzene.  The  benzene  solution. 
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on  fractional  distillation,  yields  ethoxytriisocyanatosilane;  boiling  point  179.6°C. 
The  yield  is  10%  of  theoretical. 

When  SiCl^  reacts  with  silver  isocyanate,  tetracyanatoailane  and  tetraiso- 
cyanatosilane  are  formed.  Their  structure  is  demonstrated  by  hydrolysis: 

Si(NCO)4  +  4HOH  —  •  Si(OH)«  +  4HNCO 
Si(NCO),  4-  I2HOH  —  -  Si(OH)«  -4-  4NH«HCOs 

When  AgNCO  acts  on  polychlorosiloxanes,  formation  of  octaisocyantotrisiloxane, 
hexaisocyanatodisiloxane,  etc.,  occurs.  The  first  of  these  products  may  also  be  pre¬ 
pared  by  cautious  hydrolysis  of  tetraisocyanotosilane  (Bibl.50). 

On  heating  SiCl.  and  Si(NCO),  to  600°C,  there  is  a  rapid  rearrangement  reaction; 

4  4 

and  all  possible  compounds  of  the  type  SiCl^_x(NOO)x  are  formed.  A  mixture  of  tetra- 
thiocyanatosilane  and  tetraisocyanatosilane  heated  4  hours  at  140°C  also  undergoes 
rearrangement  to  form  all  possible  compounds  of  the  type  (OCN)  Si(SCN).  . 

X  4-0 C 

The  reaction  between  tetraisocyantosilane  and  methanol  also  forms  a  mixture  of 
compounds  of  the  gereral  formula  ((31^O)xSi(N0O)^  x  (Bibl.52). 

SbF.,  reacts  with  tetraisocyantosilane  to  form  a  mixture  of  products  of  the  com¬ 
position  F^SiUCO)^  and  Sb(NOO)3. 

Physical  Properties  of  Isocyanatosilanes 

Alkyl-  and  arylisocyantosilanes  are  readily  soluble  in  petroleum  ether,  carbon 
disulfide,  carbon  tetrachloride,  benzene,  and  isopropylbenzene. 

Methylisocyanatosilanes  and  n-butyltriisocyantosilanes  are  colorless  liquids; 
phenylisocyanato silanes  are  crystalline  substances  with  an  unpleasant  odor.  The 
msthylisocyantosilanes  easily  take  fire. 

The  methylisocyanatosilanes  have  an  exact  melting  point  and  freezing  point 
(without  appreciable  supercooling);  n-butyltriisocyanato silane  has  a  tendency  to  su¬ 
percooling  and  formation  of  a  vitreous  mass.  Phenyltriiaocyanatosilane  has  no  dis¬ 
tinct  melting  point,  and  melts  at  a  temperature  from  -50°C  to  -20°C.  Diphenyldi- 
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isocyanatosilane  at  -70°C  forma  crystals  with  a  distinct  melting  point. 

Triphenylisocyanatosilane  can  be  supercooled  by  more  than  20°C,  forming  crystals 
with  a  distinct  melting  point.  Table  75  gives  the  principal  physical  properties  of 
alkyl-  and  arylisocyanatosilanes. 

Alkyl-  and  arylisocyanatosilanes  are  readily  converted,  on  heating,  into  vitre¬ 
ous  substances,  so  that  the  melting  points  are  given  only  approximately  for  a  number 
of  compounds. 

Chemical  Properties  of 

Under  the  action  of  water,  the  alkyl-larylj-isocyanatosilanes  undergo  hydroly¬ 
sis.  The  velocity  of  such  hydrolysis  is  considerably  lower  than  that  of  tetraiso- 
cyanatosilane.  With  increasing  number  of  organic  radicals  attached  to  the  silicon 
atom,  and  with  their  increasing  size,  the  rate  of  hydrolysis  of  these  compounds  de¬ 
creases.  Alitylisocy&natosilanes  containing  several  -  N  ■  C  *  0  groups  and  one  large 
organic  radical  are  hydrolyzed  more  rapidly  than  such  compounds  containing  a  smaller 
number  of  -  K  ■  C  ■  0  groups  and  two  small  organic  radicals  attached  to  the  silicon 
atom;  for  instance,  dimethyldiisocyanatosilane  is  hydrolyzed  more  slowly  by  water 
than  butyltriisocyanatosilane. 

Tne  »lKoxyisocyanatosilanes  are  more  readily  hydrolyzed  by  water  than  the  airl¬ 
and  arylisocyanatosilanes;  while  triphenylisocyanatosilane  is  hydrolyzed  very  slowly 
by  water. 

Silicon  Compounds  Containing  Sulfur 

Silicon  forms  with  sulfur  the  chemical  compound  SiSj.  In  crystals  of  SiS2  each 
silicon  atom  is  in  the  center  of  a  tetrahedron  of  four  si  if ur  atoms,  and  each  sulfur 
atom  is  attached  to  two  silicon  atoms. 

Such  crystals  have  edges  in  common  and  form  a  chain  of  the  following  structure: 
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Table  75 

Physical  Properties  of  Isocyanatosilanes  (Bibl.68) 


b) 


Tetrai  soeyanatosilane 

Methyl  tri  isocy  anato¬ 
si  lane 

Pimethyldiisocyanato- 

silane 

Trimethyl i socy anato- 
silane 

Ethyl  tri  i  socy anato- 
silane 

Diethyl  cii  i  socy  anato- 
silane 

Triethyl isocyanato- 
silane,  . 

Propyl tri isocy anato¬ 
si!  ane 

I sop ropy 1 t ri i so¬ 
cy  anatosi  lane 

'Vityl  tri isocy anato- 
silane 

Phenyl  tri  isocy  anato¬ 
si  lane 

Diphenyl di i socy  anato- 
silane 


Triphenyl 

silane 


isocy  anato¬ 
si  lane 

!’>en?yl  tri  isocy  anato¬ 
si  lane 

Methoxytri  isocy  anato¬ 
si  lane 

Di  me  thoxydi  isocy  anato- 
silane 

Trimethoxy  isocy  anato¬ 
si  lane 

Ethoxy tri i socy  an  ato- 
sil  ane 

Diethoxydiisocyanato- 

silane 

Triethoxyisocyanatosi  1 

Chlorotn  isocy  anato¬ 
si  1  ane 

Di  chlorodi  isocy  anato- 
silane 

Tri chloroi socy anato¬ 
si  1  ane 


Si{NCO)4 
CHjSi(NCO)j 

(CH,)£i(NCO), 
(CH»)»Si(NCO) 

C*H»Si(NCO)j 
(C*Hj)|Si(NCO)t 

(C»H()*SI(NCO) 
C,H,Si(NCO)» 

(CH»)tCHSi(NCO)» 
CiHtSi(NCO), 
C«H,Si(NOO), 
(C,H,),Si(NCO), 
(C.H.lsSKNCO) 
C«H(CH|Si(NCO)i 
(CH,0)Si(NC0), 
(CH,0)*Si(NC0), 
(CH*0)»Si(NC0) 
(CjH»0)Si(NC0)a 
(CtHsO)Si(NCO)i 
(C,H,0),Si(NC0) 
me  ClSi(NCO), 
a^i(NCO), 
CI,Si(NCO) 


C) 

"C 

cl) 

** 

9  ft 

— 

fi 

185,6 

1,142 

1 

1,4610 

_ _ 

170,8 

1,267 

1,4430 

35,39 

139,2 

0,976 

1,4221 

33,6 

91,0 

| 

0,867 

1 ,3960 

31 ,92 

183,5 

1,2192 

1,4468 

-- 

.  176,7 

1,0223 

1,4348 

- 

165,1 

0,8895 

1.4295 

198,2 

1,1726 

1 .4462 

192,0 

1.1626 

1,4444 

215,5 

1,141 

1,4479 

48,.' V 

251,9 

1,273 

1,5210 

55,45 

319,6 

1,188 

1,5675 

73,3 

372,0 

-- 

1 1 1*— 112 

1,225 

1,5230 

60,2 

(3  mm) 
168,4 

1,313 

1,4287 

36,38 

152,1 

1,206 

1,4028 

35,01 

137,0 

1,123 

1,3839 

33,95 

179,6 

1,236 

1 ,4251 

41,0 

!  175,4 

1,108 

1,4046 

44,7 

172,9 

1,015 

1,3922 

48,2 

152,0 

1,437 

1,4507 

-- 

!  117,8 

1,437 

1,4380 

— 

1  86,8 

i 

l 

1 .445 

1 .4262 

1 

a)  Name;  b)  Formula;  c)  Melting  point;  d)  Specific  gravity;  e)  Refractive 

index;  f)  Molecular  refraction 
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.s.  ,s. 

Si  /  NSi  -  ^Si  '  ^Si  / 

/bl  VV/\c/\ 


The  structure  of  the  SiSg  crystal  differs  from  that  of  the  SiC>2  crystal.  In 
crystals  of  silicon  sulfide  the  tetrahedra  are  joined  by  their  comnon  edges,  while 
the  joining  of  the  tetrahedra  in  Si02  is  by  their  common  corners.  It  is  customarily 
considered  that  the  transition  from  comnon  corners  to  comnon  edges  is  connected  with  - 
an  increase  in  the  covalent  character  of  the  bond. 

The  compounds  of  silicon  with  sulfur  are  polymeric,  and  therefore  SiS2  is  a  low- 

volatile  solid  substance  and  forms  long  white  needles  with  a  silky  luster.  The  crys- 
o 

tals  melt  at  1090  C  and  burn  with  great  difficulty  in  oxygen.  This  substance  was 
first  prepared  by  Berzelius  by  the  action  of  sulfur  vapor  on  silicon  at  a  white  heat. 
It  was  later  prepared  by  the  reaction  of  CS^  and  silicon  (Bibl.53). 

Silicon  sulfide  is  slowly  hydrolyzed  by  water,  and  rapidly  by  alkalies,  forming 
orthosilicic  acid  and  H^S. 

It  may  also  be  prepared  by  fusing  silicon  with  sulfur  at  a  high  temperature,  or 
by  the  action  of  CS2  on  silicon.  The  reaction  is  effected  by  heating  crystalline 
silicon  in  carbon  disulfide  vapor,  forming  two  products,  the  yellow  powder  SiS2  and 
the  yellowish  powder  SiSO.  It  must  be  noted,  however,  that  this  information  is  based 
on  works  published  in  the  second  half  of  the  last  century,  which  contain  data  that 
are  insufficiently  convincing  with  respect  to  the  characteristics  of  the  products 
obtained.  The  investigators  probably  obtained  not  pure  SiS2  but  products  containing 
imparities.  This  view  is  also  confirmed  by  the  fact  that  subsequent  researches  fail- 
e3  to  find  3io0  on  calcining  the  crystalline  reaction  product. 

In  lB.\f!  the  action  of  H^S  on  Sill,  in  a  porcelain  tube  at  high  temperatures 
yielded  liquid  products  (Bibl.5/+).  to  which  the  author  assigned  the  composition 
SiSCl2,  Si^J^'^l,  t  but  Friedel  and  Crafts  showed  that  these  products  were  not  formed, 
but  trichloror’ercaptosilane: 
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SiCI«  +  HjS  — »  ClgSiSH  -f  HC) 


which  is  decomposed  by  water: 

CIjSiSH  4-  2HtO  —  >  SiOj  +  H»S  +  3HCI 

Thio-Esters  of  Orthosilicic  Acid 

When  water- free  alcohols  act  on  triehloromercaptosilane,  organic  silicon  deriva¬ 
tives  containing  a  thio  group  are  formed: 

CI.SiSH  +  3C,H,OH  —  -  (CjH»0),SiSH  +  3HU 

The  ethyl  ester  of  orthosilicic  acid  is  formed,  as  a  by  product: 

CI*SiSI  I  -r  4CjM»OI  I  -  —*  (C,H»0)«Si  +  3HCI  +  H.S 

Organosilicon  compounds  containing  sulfur  have  been  prepared  by  the  reaction  of 
phenylmercaptan  with  SiCl^  (Bibl.55): 

(  „II,SH  4-  SiCI,  — >  r4H»SSiCI,  +  MCI 


Trichloro-(phenylthioJ-silane  is  a  liquid  that  easily  decomposes  in  air,  and 
with  particular  ease  under  the  action  of  water.  When  ethylmercaptan  is  heated  with 
SiCl^,  the  formation  of  trichloroethylsilane  is  possible. 

Tetra-( thiophene )-silane  has  been  prepared  by  heating  a  U0%  solution  of  SiCl^ 
in  ether  with  a  solution  of  a-thiophenemagnesium  iodide  in  ether  (Bibl.56): 

4QH»SMgJ  +  SiCI, - <•  Si(C«H,S)«  +  4MgCIJ 

Tetra-(thiophene)-silane  is  a  crystalline  substance  with  a  melting  point  of 
135. 5°d.  It  is  soluble  in  hot  ethanol,  ether,  and  benzene,  insoluble  in  water,  ani 
difficultly  joIuiJi,-  in  coin  etngnol. 

Table  76  (cf.  page  67>j)  gives  the  physical  properties  of  the  thio-esters  of 
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orthosilicic  acid 


An  interesting  reaction  takes  place  when  mercaptans  act  on  unsaturated  silanes 
in  the  presence  of  a  peroxide.  The  mechanism  of  the  reaction  between  mercaptana  and 
silanes  containing  unsaturated  radicals  is  assumed  to  be  analogous  to  the  well  known 
reaction  for  organic  compounds  (Bibl.57): 

RSH  +  peroxide - *  RS- 

RS  +  R'CH-CH» - -  R'CH — CHjSR 

R'CH— CHtSR  -)-  RSH - *  R'CHr-CH»SR  +  RS  etc 

The  reaction  between  trimethylallylsilane  and  thiogly colic  acid  follows  the 
equation: 


(1) 

(2) 


(CH»)*SiCHt—CH— QI,  -f*  HSCH|COOH - >  (CH1)tSiCHf-CHl-CH,SCHlCOOH 

The  chlorine  in  an  organic  radical  attached  to  the  silicon  atom  also  reacts 
with  the  thio  group  according  to  the  equation: 

(<^H»),SiCHlCH1CI  +  HSCHjCOOH - -  (ClHi)^iCHiCH1SCH^:OOH  +  HCI 

As  a  result  of  the  reaction  between  dimercaptans  and  dialkylsilanes ,  viscous,  oily 
products  are  formed. 

A  sulfur  atom  in  an  organic  radical  in  the  3 -position  with  respect  to  the  sili¬ 
con  atom  does  not  weaken  the  Si  -  C  bond;  this  bond  is  not  broken  under  the  action 
of  acids  or  alkalies. 

Preparation  of  Carboxymethylthioethyltr imethvlsilane .  A  mixture  of  10  g  of 
allyltrimethylsilane  and  15  g  of  98%  thioglycolic  acid  is  held  10  -  15  min.  in  an 
open  vessel.  The  reaction  is  exothermic.  The  reaction  product  is  washed  with  water 
to  remove  the  excess  acid  and  is  then  distilled. 

Table  77  gives  the  physical  properties  of  the  compounds  prepared  by  this  method 
(Bibl.58)  (cf.p.67l). 
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Tbble  76 
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a)  Name;  b)  Formula;  c)  Melting  point;  d)  Boiling  point;  e)  Specific  gravity;  f)  Coefficient  of 

expansion;  g)  Refractive  index  at;  h)  Bibliography 


Silicon  Thioisocyanates 


Organosilicon  compounds  containing  the  -  N  =  C  =  S  group  attached  to  the  sili¬ 
con  atom,  (which  are  called  thioisocyanates),  have  long  been  known.  Tetrathioiso- 
cyanatosilane  was  first  prepared  by  reacting  dry  lead  isothiocyanate  with  SiCl^ 
(Bibl.59).  Silicon  thioisocyanates  were  later  synthesized  by  the  action  of  silver 
thioisocyanate  on  alkyl-  and  arylchlorosilanes  (Bibl.60).  The  thioisocyanatosilane3 
r:iay  be  prepared  by  the  following  reactions: 


SiCU  +  2(SCN)jPb - *  Si(NCS)t  4-  2PbClv 

RSiCl,  +  3(SCN)  Ag - -  RSi(NCS)s  +  3AgU 

RaSiCI*  4-  2SCNAg  —  R,Si(NCS),  +  2AgCI 
R»SiCI  +  SCNAg  -  >  RiSi(NCS)  +  AcH 

where  R  is  the  radical  CH^,  C^H^,  etc. 


Table  77 

Physical  Properties  of  Organothiosilanes  (Bibl.53) 


1 

Compound  | 

b) 

°C 

O 

4° 

d) 

to 

*D 

( CH  a),Si  ( C  H  t),SCH  jCOOH 

143 — 1 14 
(7  I*IHI  ) 

1 .0139 

1,4811 

(Carboxyn*  thy lthioethy 1 )  - 

trinethylai lane 

(CH,),Si(CH,),SCH,COOH 

164 — 166 

1,0009 

1,4790 

(Ca -boxynethy lthiopropyl) - 

(9  mm) 

triaiethylailane 
(Carboxyaethy lthiopropy 1 ) - 

(CHj)jSi— 0 — Si(CHj)t(CH2)3  — 
-SCH2COOH 

149-150 

(2  mm) 

0.9902 

1,4588 

pen tea*  thy ldieiloxane 

200—201 
(50  mm) 

1 ,4479 

(Ethylcarboxyaiethylthio- 

(CsH,0)^i(CH,),SCH,CCXX^H, 

1.0301 

propy 1 ) *  tr ioxy a i 1 ane 

(Ethylcarboxyaiethylthio- 

(CH,)lSi(CH,),SCH,COOC,Hl 

148—149 

0,9493 

1,4630 

propyl )-tri»ethylai lane 

(24  mm)  1 

(Tolylthiopropyl )- 
triaiethylailane 

(CH,),Si(CH,),SC,H«CH, 

206—209 
(48  mm) 

0,9408 

1,5267 

a)  Formila;  b)  Boiling  point,  °C;  c)  Specific  gravity  d^° 
d)  Refractive  index  n^® 


The  reaction  between  silver  or  lead  thioixosyanate  and  SiCl^,  alkyl-  or  aryl- 
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Morosilanes  lead  is  conducted  in  inert  solvents:  benzene,  toluene,  isopropylben- 
.<ne,  etc. 

Preparation  of  Phenylthioisocyanatosilanes.  A  30$  solution  of  1  mol  of  pheryl- 
trichlorosilane  or  other  phenylchlorosilane  is  prepared,  and  the  quantity  of  silver 
isothiocyanate  calculated  from  the  equation  of  the  reaction  is  added  to  it  in  sever¬ 
al  portions.  The  mixture  is  heated  for  one  hour,  with  stirring,  at  80  -  90°G.  The 
silver  chloride  is  then  filtered  off  and  washed  with  benzene.  The  benzene  is  evapo¬ 
rated  at  atmospheric  pressure,  and  the  residue  is  vacuum  distilled.  The  phenyltri- 
thioisocyanatosilane  is  distilled  under  3  nm  pressure.  The  yield  is  70  -  80$  of 
theoretical. 

The  ethylthioisocyanatosilanes  have  been  prepared  from  ethyltrichlorosilane  and 
diethyldichlorosilane.  The  presence  of  admixtures  of  ethyltribromosilane  was  of  no 
consequence,  since  the  thioisocyanato  group  replaces  both  chlorine  and  bromine  at¬ 
tached  to  the  silicon  atom. 

Preparation  of  fithylthioisocyantosilane  (Bibl.61).  A  solution  of  20  g  of  ethyl¬ 
trichlorosilane  in  benzene,  or  a  solution  of  diethyldichlorosilane,  i3  treated  with 
silver  isocyanate,  taken  in  30$  excess  over  the  theoretical  quantity.  After  heating 
30  min.  at  85°C,  followed  by  filtration,  washing  the  precipitated  silver  halides 
with  benzene,  and  evaporating  the  benzene,  ethyltrithioisocyanatosilane  or  diethyl- 
di thioisocyanatosilane,  respectively,  is  obtained  in  yield  of  about  85$  of  theo¬ 
retical. 

Physical  Properties  of  Silicon  Thloisocvanates 

All  the  phenylthioisocyanatosilanes,  as  well  as  the  tetrathiolsocyanatosilanes, 
are  colorless  crystalline  substances.  The  phenylthioisocyanatosilanes  tend  to  super¬ 
cooling  on  crystallization:  diphenyldithioisocyanatosilane,  by  A6°C,  triphenylthio- 
isocyanatosilane,  by  20°C. 

Table  78  gives  the  physical  properties  of  the  alkyl-(aryl)-thioisocyanato- 
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s ilans i . 

Wuer.  ethyltrithioisocyanatosilane  is  cooled  to  -70°C,  a  very  viscous  liquid  is 
obta'.nsd,  which  crystallizes  only  when  stirred  with  a  small  quantity  of  ground  glass. 


Table  78 

Physical  Properties  of  Alkyl-(Aryl)-Thi oisocyanatosilanes 


b) 


ClijSKCN.S), 
(CH,)*S:(CNS)2 
i  <Ji  !r,),Si<  INS 
(C,l  lt),SiM-S 

ethyl  si  I ane 

!i-  ( t  hioi  ^ocyanato)  *  (CjH,)sSi(NCS), 

diethyl.- i  lane 

Tri-J  t.b«>j  pooyanato)-  (Cj!I,)SitNCS), 

et  hylsl  1  one 
Tet  r  at  h  io  i socv anato- 


Tri-(tluoisocyanato)  - 
methyl  sil  ane 
Di-  ( thioisycyanato) - 
,  dimethyl  si  1  ane 
Thioisocyjinatotri- 
methylsilane 
Thioi socyanatotri- 


§i  1  ane  . 

In-  ( t.hioi soryanat.o)  - 
|iroi.\  lsi  l  ane 
'Ifi-  >  tluoispcyanato)- 
i  sol’ ropy  1  si  1  ane  4 

Tri  -(  till')’  sorvnna 


Si(NCS), 
(,)ll;Sl(NCS):i 
to).  (UI,)/:ilSi(N(^), 


...  i.vtyl  St  I  ano"  C,ll„Si(NCS), 

i r* i socyanatotri-  v 

1  S 1  1  flnP  '  II  \  c;  vpc 

[fi-  ( tluo  isocyan  at  o)-  1*** 

diphenyl  sil  ane  . 

Tri  -  ( thioisoryanato)-  tC»Hj)2Si(NCS)t 
1  yl  silane 

H,Si(NCS):, 
QH»CI!j5i(NCS):i 
(Cn,t))jSiNCS 
(QH»G),SiNCb 
a^iNoi 
nX:N),SiN<-S 


phenyl  si l ane 
Tn-(tnioisocyanato)- 
benzyl  si  lane 
Thioiaocyanatotri- 
methoxy  si  1  ane 
ThioisocyMiatotri- 
ethoxysilane 

Thioi  socyanatotri- 
chlorosilane 
Thioisocyanatotri- 
( isocyanato) -sil ane 


c) 

•c 

d) 

c 

e) 

jo 

d4 

1 

f) 

20 

nD 

<?) 

h) 

— 

266, 8 

1 , 304  j 

— 

68 

— 

217,5  , 

1,142 

1,5677 

- 

68 

-  i 

145,1 

1  .134 

1,4426  j 

1 

68 

1 

210.5 

0,934 

0.4944 

54 , 06 

61 ,68 

1 

245.5 

1  ,089 

1 , 5540 

59,42 

61.68 

- 

2 76  ±2 

1  ,264 

1 ,6195 

64,25 

61 .68 

— 

514,2 

[  1  .400 

1 

!  70,4 

ti* 

-- 

|  152-151 

(13  mm) 

i  1,2248 

!  1.6014 

— 

68 

137-138 

(12  mm) 

ll  ,2177 

1 ,6066 

68 

— 

135  -\'M> 

(3  mm) 

1 . 189 

1  1.5928 

1 

i 

68 

76 

396 

!  " 

— 

68 

46 

376 

1,188 

(30®) 

— 

t 

1 

ti* 

52 

339 

1,291 

(31®) 

— 

i 

h« 

— 

171-172 
(3  mm) 

1,275 

!  - 

i 

68 

170.5 
(700  mm) 

1,34 

|  1  .4426 

1 

7o 

— 

1122,2-122,6 
j  {ft ,  3  mm) 

1 ,036 

I  1,4431 

tit* 

— 

129,5 

— 

I  1,461 

68 

- 

i  98 

j  ( 28  mm) 

i 

- 

i  — 

68 

a)  Name;  b)  Formula;  c)  Melting  Point,  C;  d)  Boiling  point,  C; 
ty,  df^;  f)  Refractive  index 
refraction;  h)  Bibliography 


e)  Specific  gravity,  df^;  f)  Refractive  index  n?®;  g)  Molecular 

h  u 


Triethylisothiocyanatosilane  has  the  odor  of  camphor,  melts  at  -30°C,  and  is  slowly 
hydrolyzed  at  room  temperature,  or,  somewhat  more  rapidly,  at  80°C.  Diethyldithio- 
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isocyanatosilane,  ethyltrithioisocyanatosilane,  and  tetrathioisocyanatosilane  are 
hydrolyzed  at  rates  increasing  in  that  order. 

The  thioisocyanatosilanes  are  soluble  in  benzene,  CCl^,  benzine;  methanol  and 
ethanol  readily  dissolve  trithioisocyanatosilane  and  dithioisocyanatodiphenylsilane, 
but  thioisocyanatotriphenylsilane  are  sparingly  soluble  in  them. 

When  the  phenylthioisocyanatosilanes  are  dissolved  in  alcohols,  partial  decom¬ 
position  is  observed.  Tetrathioisocyanatosilane  does  not  dissolve  in  ether,  and  is 
decomposed  in  alcohols. 

Chemical  Properties  of  Silicon  Thioisocyanates 

Under  the  action  of  methanol  on  silicon  tetrathioisocyanate,  thioisocyanatotri- 
methoxysilane  is  formed  (Bibl.62): 

JTHjOH -b  SWNCS),  --  *  (CH,0),SiNCS  +  31 ICNS 

When  aniline  acts  in  the  cold  on  a  benzene  solution  of  tetrathioisocyanato¬ 
silane,  tetraphenylaminosilane  (Bibl.63)  and  a  double  compound  of  thiocyanic  acid 
with  aniline  are  formed; 

Si  (NGS)«  +  4C«H,NH2 - »•  Si  (NHC.H,),  +  4HMS 

HNCS  -f  4C»H,NH, - »  4C.H,NH,HNCS 

Under  the  action  of  water,  tetraisothiocyanatosilane  decomposes: 

Si  (NCS)«  +  2H*0 - -  SiO,  +  4HNCS 

Alkali  accelerates  this  decomposition.  In  this  case  a  salt  of  orthosilicic 
acid  is  formed: 

Si  (NCS)«+  8KOH - *  Si  (OK)t  +  4KNCS  +  4*4*0 

Aqueous  ammonia  decomposes  tetrathioisocyanatosilane,  and  strong  heating  takes 
place.  The  behavior  of  the  thioisocyanatophenylsllanes  to  the  action  of  water  dif- 
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fers  sharply  from  that  of  tetrathioisocyanatosilane;  thus,  for  example,  thioiso- 
cyar.atotriphenylsilane  is  practically  inert  to  the  action  of  water,  dithioisocyanato- 
diphenylsilane  is  hydrolyzed  with  difficulty,  and  only  trithioisocyanatophenylsilane 
hydrolyzes  readily.  This  shows  that  with  increasing  number  of  phenyl  groups  in  the 
molecules  of  thioisocvanatophenylsilanes,  the  velocity  of  hydrolysis  falls  sharply. 

silicon  Compounds  Containing  Phosphorus.  Selenium.  Lead  and  other  Elements 

Organosilicophosphorus  compounds  have  been  little  studied.  B. Arbuzov  and  A.Pu- 
iovkin  (Tibi. A/,)  have  studied  the  reaction  between  triethylbromosilane  and  triethyl 
phosphite,  anl  between  triethoxychlorosilane  and  triethyl  phosphite.  They  found  that 
’•.'her.  triethylbromosilane  acts  on  triethylphosphite,  iiethoxyphosphatotriethylsilane 
is  obtained: 


((  il  IjhSiBr  -f-  P  !<  X  jH,)i 


•<  V  l»)»Si — P  (OC,H,)«  +  QH.Br 
II 

O 


"r.  ler  the  action  of  triethoxychlorosilane  on  triethyl  phosphite,  diethoxyphos- 
fhatotriethoxyailai.e  was  forme i: 


"  .1  <-.« P.OQH.),  >  «.jH,0),Si— P (OQH,),.  +  CjHjCI 

II 

O 

?hi3  reaction  was  accompanied  by  the  formation  of  considerable  quantities  of 
tetraethoxysilane. 

.  stub-  of  the  strength  of  the  3i  -  P  bond  showed  it  to  be  weak.  On  heating  to 
iiethoxyphosphatotriethoxysilane  breaks  down,  with  formation  of  tetraethoxy- 
silar.e.  "nier  the  action  of  chlorine  on  this  compound,  cleavage  take3  place  at  room 
temperature: 

<  C-!  n,s  —  p«)(  .ii,);  +  ci.  -  -  *  i(  .HsO),Sic:i-f 

]'  il 

n  o 

The  bonl  between  the  silicon  atom  and  the  -  OP  group  is  also  weak.  This  con- 
-:3-cl<?l/7 
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elusion  can  be  drawn  fron  tb  sf“oll.oving  example.  On  hydrolysis  of  dcenhyldichloro- 
5 i lane  b”  water,  an  oily  suWsti_n.ee  of  molecular  weight  UhO  is  formei,  which  consists 
cf  a  raxture  of  polyethy  lhy.roTC]cysiloxanes.  Heating  of  this  oily  substance  with  F./;,. 

■.  3C  '■)  at  200°  d  for  2*,  hours  die  *L  Is  a  soli!  product.  hen  a  large  quantity  of  l  £  -  is 
■:sel,  the  oily  substance  is  :»k»"  verted  into  a  soli!  even  at  room  temperature  (Bibl.65). 
. this  case  the  reaction  is:  usconpaniei  by  the  liberation  of  heat,  and  a  3olii  gela- 
ti:  ous  product  is  obtained.  "  '.linen  the  solid  products  are  heated  with  water,  they  are 
h’irol'sed  an l  converted  bai;;D:i_nto  liquid  oily  substances.  The  molecular  weights 
•1  'er  below  for  samples  of  His  polyethylsiloxar.e  oils  before  and  after  treatment  with 
;  iesphorus  jor.toxiie,  and  ahher"  the  subsequent  hydrolysis  by  hot  water,  show  that  the 
oleoular  wei ’ht  of  the  protneti  obtains  1  after  such  treatment  and  hydrolysis  varied 
less  than  it  di  i  on  or  dinar;  1  heating  of  the  oily  product. 

Appearance  of  substance  after 
adding  before  heating 

Holecular  weight  of  oil: 


"efore  treatment. 

'AC 

- 

.ifter  2’.-hour  heatinr-,;  to 

200c  J ,  followed  by  hyri  roILysis 

6J0 

Viscous  liquid 

olecular  weight  of  sutsw aucce  after 
2't-hour  heatin’  in  tits  pnresence 
o'’  'various  quantities#  of  F^C 
followed  by  hyirolysit  • 

jot  p^o5 

530 

- 

io*%  r2c5 

- 

Gel 

203 1  I205 

'*50 

Solid  substance 

This  ray  be  explained  rp’tfthe  following  reaction  of  phosphorus  pentoxide 

o 

1  II 

— Si— O— P- 

i  | 

-O— Si— 

■'—iiOll  .fAI’jig,  t  20HSi— 

,  *  t 

1 

0 

1  1 

j 

+  2\\  50 

!  1 

1  i 

-Si-O-P- 

-O— Si- 

!  II 
o 
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with  the  formation  of  a  space  polymer.  The  hydrolytic  instability  of  the  Si  -  0  -  P 
bond,  however,  leads  to  the  decomposition  of  such  polymer,  liberating  the  oil  and 
phosphoric  acid.  The  direct  reaction  of  condensation  between  the  hydroxyl  groups  at¬ 
tached  to  the  silicon  atoms  is  under  these  conditions  suppressed  by  the  competing  re¬ 
action  of  addition  of  phosphorus  pentoxide.  For  this  reason  the  molecular  weight  of 
the  product  varies  les3  with  increasing  quantity  of  phosphorus  pentoxide  than  it  does 
in  the  control  sample. 

Preparation  of  diethoxyphosphatotriethylsilane.  A  mixture  of  10  g  of  triethyl- 
bromosilane  and  0.3  g  of  triethyl  phosphite  is  heated  in  a  VJurtz  flask  on  the  water 
bath.  The  reaction  begins  at  70°C,  and  the  ethyl  bromide  is  distilled  off  at  the 
same  time.  After  this  removal  has  been  completed,  the  reaction  product  is  separated 
by  vacuum  distillation;  boiling  point  158  -  159°C  (10  mm);  specific  gravity  d£  * 

=*  0.9659;  refractive  index  1.4390. 

Qiethoxyphosphatotriethoxysilane,  prepared  similarly,  boils  at  113°C  (12  mm). 

Its  specific  gravity  d^°  -  0.9282  and  its  refractive  index  is  l./+080. 

Silicon  compounds  containing  selenium  are  also  known  (Eibl.66).  When  seleno- 
phenols  react  with  SiCl^  in  benzene  solution,  tetraphenylselenosilane  is  formed; 

4C,HsScH  +SiCI4  - >  4HCI  4  Si(SeC,ll,)» 

This  reaction  takes  place  only  for  selenophenol.  Other  compounds  of  analogous 
type  have  been  prepared  by  the  action  of  metallic  sodium  on  a  mixture  of  selenophen¬ 
ol  and  SiCl^. 

'.Then  a  polyorganosiloxane  liquid  is  heated  in  the  presence  of  lead,  it  gradual¬ 
ly  becomes  turbid,  and  toward  the  end  of  the  heating  a  precipitate  accumulates  on 
the  bottom  of  the  reaction  flask. 

Patnode  and  Schmidt  (Bibl.67)  postulate  that  lead  ox-  u  can  react  with  poly- 
siloxanes  by  Formula  I.  They  consider  this  hypothesis  to  be  proved  by  the  reaction 
between  trimethylsilanol  and  lead  oxide,  (Formula  II),  which  they  have  investigated: 
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(CHs)aSi  [OSi  (UIS^K  -O 

(O  I,), Si  [OSi  (CHj)s]„OSi  (CH3)j  +  PbO  -  ->  Ph 

(CHS)3Si  [OSi  (Cllj)njy  D' 

2  (CH3)3Si()H  +  PbO - |(Ul,)3SiO]2Pb  +  HttO 


(i) 

(id 


The  turbidity  in  the  liquid  during  the  process  of  heating  in  the  presence  of 
lead  might  be  due  to  the  formation  of  plumboxy silanes.  These  lead  compounds  are 
thermally  unstable,  and,  on  heating,  might  yield  products  of  low  molecular  weight, 
which  would  evaporate.  The  increased  losses  with  rising  temperature  indicate  that 
the  reaction  of  the  breakdown  of  the  plumboxysilanes  becomes  more  intense  with  ris¬ 
ing  temperature. 

Preparation  of  Bis-trimethylplumboxysilane.  About  1  g  of  lead  oxide  is  shaken 
with  25  ml  of  trimethylsilanol  at  room  temperature  for  2  days.  The  yellow  color  of 
the  lead  oxide  gradually  changes  to  white.  Filtration  of  the  mixture  and  evapora¬ 
tion  of  the  liquid  yields  a  white  crystalline  substance,  soluble  in  ether,  toluene 
and  absolute  ethanol.  It  has  the  composition  ( CH^ ) ^SiOFbOSi ( )  3 ,  but  the  calcula¬ 
ted  lead  content,  53.7%,  differs  greatly  from  the  content  found,  59.1%.  The  analy¬ 
sis  is  made  by  precipitating  the  lead  by  dilute  sulfuric  acid  from  an  alcoholic  so¬ 
lution  of  a  weighed  portion  of  bis-trimethylplumboxy3ilane. 

Organic  silicon  compounds  containing  other  elements  in  the  molecule  (lead,  tin, 
arsenic,  mercury,  etc.)  have  as  yet  been  synthesized  only  in  small  numbers. 

Table  79  gives  the  physical  and  chemical  properties  of  certain  representatives 
of  these  compounds. 
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Table  79 


Physical  Properties  of  Organic  Silicon  Compounds  Containing  Lead,  Tin, 

Arsenic  and  Mercury  (Bibl.68) 


*) 

b> 

C) 

d) 

e) 

i) 

°c 

oc 

d4 

20 

nD 

... 

Irimethyllead- 
( phenyl ene)-tri- 
ethylsijane 

1  riethvl tin- 

(C,I  is)aSiC«»I  I«l‘b(CHaVi 

191 

1,3997 

1 ,54937 

(17  mm) 

(24) 

(QI'l*)sSii:«ll«Sn(C,H»)., 

214 

— 

1,1216 

1,52756 

( phenyl ene)-tri- 
ethyl  si  lane 

( 1 8  mm) 

(21.2°) 

Ciphenylarsine- 

(phenylenej-tri- 

ethylsilane 

(C,H5)3SiC*l  !«As(C,H,)s 

279—81 

— 

1,1661 

1 ,61455 

( 1 7  mm) 

(21.3°) 

rlercurochloro- 
ethyl trimethyl- 
silane 

Mercurochjoro- 
methyl trimethyl  - 
silane 

CHsCH(HgCI)Si(CI  I ,) , 

97 

— 

— 

(Cl  li  bSiClljHgCI 

74-6 

— 

— 

trouble  Compounds: 

Hiphenylarpine- 
( phenyl ene) tri¬ 
ethyl  silane  with 

(C,H,).A'-(  .«H|Si(CjH5)j  •  HgCI; 

- 

188 

— 

- 

mercuric  chloride 

Same,  with  mercuric 
bromide 

(C«  H»)»A!>C«H«Si(CjH5)i  HgBr2 

181 

__ 

■ 

Same,  with  mercuric 
iodide 

(C,H,)JA'.C,H4Si(C2H5)3  HgJ, 

139,5 

a)  Name;  b)  Formula;  c)  Boiling  Point;  d)  Melting  point; 
e)  Specific  gravity;  f)  Refractive  index 
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CHAPTER  IX 


LOW-MOLECULAR  ORGANOSILICON  POLYMERS 

In  our  discussion  of  the  processes  of  hydrolysis  of  the  halosilanes  and  alkoxy- 
silanes,  we  have  already  described  certain  low-molecular  siloxanes. 

In  the  present  Chapter  vre  shall  consider  only  polymers  with  alternating  silicon 
and  carbon  at  cans  in  the  chain,  as  well  as  polysiloxanes  containing  chloromethyl  and 
certain  other  groups. 

Compounds  with  Alternating  Atoms  of  Silicon  and  Carbon 

The  thermal  and  hydrolytic  stability  of  the  methyl  groups  attached  to  the  sili¬ 
con  atom  led  investigators  to  the  conclusion  that  compounds  containing  a  chain  of 
molecules  of  alternating  atoms  of  silicon  and  carbon  should  likewise  be  stable.  Such 
compounds  prove  to  be  interesting  as  well  by  reason  of  the  fact  that,  unlike  the 
polyorganosiloxanes,  they  do  not  undergo  thermal  or  catalytic  rearrangement. 

I 

The  study  of  the  compounds  containing  the  -  Si  -  C  -  Si  -  bond  in  the  chain 

has  commenced  only  recently,  and  the  data  in  the  literature  on  this  subject  are  very 
limited.  Such  compounds  have  been  prepared  by  the  action  of  a  mixture  of  various 
quantities  of  methylene  dichloride  and  nitrogen  on  an  alloy  of  copper  and  silicon 
at  30O-if00°C.  This  gives  a  product  mixture,  from  which  pentachloromethylenedisilane 
and  hexachlorcmethylenedisilane  have  been  isolated  (Bibl.l).  When  a  mixture  of  di- 
chlorcmethane  and  nitrogen  is  passed  over  a  copper-silicon  alloy  at  300°C,  cyclic 
compounds  containing  the  methylene  group  attached  to  two  silicon  atoms  are  formed. In 
this  case  hexachlorocyclotri(methylenesilane)  was  obtained. 

In  collaboration  with  M.D. Frenkel,  I  have  prepared  hexachloroethylenedisilane 
by  passing  dichlorethane  over  a  copper-silicon  alloy  at  280°C. 

68  U 
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A  number  of  compounds  containing  the  grouping  -  Si  -  CHg  -  Si  in  the  molecule 

have  been  synthesized  by  the  Grignard  reaction  (Bibl. 2)  followed  by  treatment  of  the 
reaction  product  with  sulfuric  acid  and  HF: 

(CHj)jSiOSi(CHs)«CH«MgCl  +  (CH,)aSiC!a - > 

- >  (CHs)sSiOSi(CH,)iCH1Si(CHj)^:i— — >[(CH*)sSiOSi(CH>)|CHtSi(CHa)iltO - ► 

HF+H.SO, 

- FSi(CH,)sCHtSi(CH,),F  +  (CH,).SiF  +  11,0 

Preparation  of  difluorotetramethylmethylenedisilane.  In  a  3  liter  flask  126  g 
of  magnesium,  200  ml  of  dried  ethyl  ether,  and  a  email  crystal  of  iodine  are  placed, 
and  a  solution  of  1080  ml  (5  mo  Is)  of  pentamethylchloromethyldisiloxane  (boiling 
point  151-152°C)  in  1  liter  of  dried  ether  is  added.  The  formation  of  the  organo- 
magneaium  compound  is  slow  at  first.  The  reaction  is  accelerated  by  adding  a  few 
drops  of  ethyl  iodide  to  the  mixture.  The  addition  of  the  pentemethylchloromethyl- 
disiloxane  takes  about  6  hours,  after  which  the  mixture  is  held  a  few  hours  longer 
at  the  boiling  point. 

The  Grignard  reagent  so  prepared  reacts  rapidly  with  dlmethyldichlorosilane. 

The  reagent  prepared  from  5  mo Is  of  pentamethylchloromethyldisiloxane  is  added  to 
a  solution  of  665  ml  (5.5  mols)  of  dlmethyldichlorosilane  in  800  ml  of  dried  ether 
over  a  period  of  2  hours.  A  certain  amount  of  heat  is  given  off  during  this  addi¬ 
tion.  When  the  addition  of  the  Grignard  reagent  has  been  completed,  the  reaction 
mass  is  heated  for  15  minutes.  The  reaction  product  is  then  poured  onto  ice,  and  the 
ethereal  layer  is  separated,  washed,  and  dried  over  sodiun  sulfate.  The  ether  is 
then  distilled  off,  yielding  1130  g  of  an  oily  substance,  which  is  added,  with  stir¬ 
ring,  to  1100  ml  of  strong  sulfuric  acid.  During  this  addition,  a  certain  amount  of 
HC1  is  evolved ,  probably  owing  to  the  continuing  hydrolysis  of  the  incompletely  hy¬ 
drolyzed  high-molecular  chlorosilanes .  The  maximum  temperature  during  the  addition 
is  68°C.  The  cooled  solution  of  the  oily  substance  in  the  sulfuric  acid  is  placed  in 
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a  flask  and  a  stream  of  anhydrous  KF  is  passed  in  and  bubbled  directly  through  the 
solution  for  2  hours.  The  HF  is  rapidly  absorbed,  and  gaseous  trimethylfluorosilane 
is  given  off  at  the  same  time.  Soon  after  the  passage  of  the  HF  is  commenced ,  an  up¬ 
per  layer  containing  the  organosilicon  compounds  begins  to  separate.  When  the  ab¬ 
sorption  of  the  HF  has  been  completed,  this  upper  layer  is  rapidly  removed  and  frac¬ 
tionated.  A  fraction  in  the  boiling  range  11V-116°C,  amounting  to  532  g,  is  collect¬ 
ed.  This  consists  of  difluorotetramethylmethyienedisilane. 

If  2  r.ols  of  organomagnesium  compound  for  each  mol  of  dimethyldichlorosilane 
is  taken,  then,  when  the  reaction  is  conducted  similarly,  compounds  with  mixed 
siloxane-silicocarbon  chains  are  formed. 

To  a  Grignard  reagent,  prepared  as  described  above  from  2.5  mols  of  pentamethyl- 
c hlo romet hy Id i s i loxane  in  550  ml  of  dry  ether,  1A-5  ml  (1.2  mol)  of  dimethydichlor- 
osilane  is  added  over  the  course  of  30  min.  The  mixture  is  then  heated  to  boiling 
for  2.5  hours.  The  reaction  product  is  poured  on  ice,  and  the  ethereal  layer  is  sep¬ 
arated,  washed,  and  dried  over  sodium  sulfate.  The  ether  is  distilled  off,  together 
with  the  hexamethyldisiloxane  formed  as  a  by  product.  The  oil;'  residue  is  slowly 
distilled  at  50  mm  up  to  235°C,  and  the  distillate  so  obtained  is  fractionated.  The 
fraction  boiling  in  the  range  of  99-101°C  (57  mm)  is  a  compound  of  the  structure 

(C!  !,),SiOSi(CI  IjhCI  I2Si(CH,)j 

while  the  fraction  boiling  in  the  range  175-177°C  (55  mm)  is 

(Cl  l.,),SiOSi(CI  l3)aCI  laSi(CH,),CH,Si(Ol,)t0Si(CH,), 

The  yields  of  these  fractions  are  respectively  7.22  and  10  %  of  the  weight  of  the 
oily  substance  taken  for  distillation.  The  high- boiling  residue  (159  g)  which  is 
not  distilled  in  vacuo,  is  dissolved  in  160  ml  of  cone,  sulfuric  acid  and  treated 
with  HF  as  described  above.  On  distillation  of  the  reaction  product  only  99  g  of 
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liquid,  boiling  point  114-115°C  is  obtained.  This  fraction  consists  of  difluoro- 
tetramet.b/iif.at  hy'ionciisilane,  F(CH3)2SiCH2Si(CH3)2F.  The  yield  is  48  %  of  theoret¬ 
ical. 

Dif luorvtet rameuhylmeth/lenedisilane  has  a  pleasant  odor  recalling  that  of  the 
silanols.  it  is  slowly  hydrolyzed,  and  may  be  kept  in  a  closed  glass  vessel,  in 
which  only  insignificant  signs  of  the  etching  of  the  glass  are  observed.  On  the  hy¬ 
drolysis  of  this  compound  in  an  alkaline  medium,  tetramethylmethylenedisilanediol  is 
formed;  when  the  hydrolysis  is  conducted  with  heating  or  in  an  acid  medium,  an  oily 
substance  is  separated. 

Hydrolysis  of  difluorotetramethylmethylenedisilane.  Under  cooling,  15  g  of 
tetramethyldifluoromethylenedisilane  is  shaken  with  an  excess  of  dilute  alkali  solu¬ 
tion,  forming  two  layers,  a  solid  and  a  liquid.  The  solid  layer  is  filtered  off, 
yielding  7  g  of  white  needles,  which,  after  recrystallization  from  benzene,  have 
the  melting  point  BK-8 6°C,  and  are,  HOSi(CH3)2CH2Si(CK3)2OH,  tetramethylmethylenedi- 
3ilanediol.  This  product  is  soluble  in  acetone  and  CC1. .  It  is  also  somewhat  soluble 

'u 

in  water,  .-/her.  heated  to  a  temperature  somewhat  a  ove  Pi  e  re.'t,:ng  point,  or  when  an 
aqueous  solution  is  acidified,  it  is  converted  into  a  polymeric  oil.  Difluorotetra- 
methylmethylenedi3ilane  may  also  be  hydrolyzed  by  heating.  For  this  purpose,  1.3 
mols  of  the  product  is  toiled  3  hours  with  a  solution  of  3  mols  of  KOH  in  1  liter  of 
water.  The  oil  separated  is  washed  with  a  saturated  solution  of  NaCl  and  then  with 
water.  The  washed  oil  is  shaken  with  10  ml  of  cone,  sulfuric  acid  and  then  washed 
again  with  water.  After  drying  over  calcined  potassium  carbonate  and  filtration,  the 
filtered  oil  is  of  the  following  composition. 

I(CH»)|SiCH»Si(CHj)iD)n 

Vacuum  distillation  of  the  oil  yields  a  cyclic  product  of  boiling  point  103-104°C 
(20  ran)  and  melting  point  28-29°C,  of  the  composition: 
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[(CH|)tSiCH|Si(CH*)jO]| 


The  chlorine  derivatives  may  be  prepared  from  the  difluoride  by  the  reaction: 

A1CI- 

KSi(CH,)1CHfSi(CH,),F  +  Si(CH,),CI - + 

- *  FSi(CH|)*CH|Si(CH|),CI  +  ClSi(CH,),CH,Si(CH,),Cl  +  (CH.)^iF 

Preparation  of  dichlorotetramethylmethylenedieilane.  A  solution  of  0.2  mol  of 
difluorotetramethylmethylenedisilane  and  0,5  mol  trimethylchlorosilane  is  boiled  3 
hours.  During  the  boiling  of  the  mixture  traces  of  trimethylfluorosilane  are  driven 
off  and  caught  in  a  trap  chilled  by  solid  carbon  dioxide.  The  reaction  does  not  pro¬ 
ceed  without  the  addition  of  aluminum  chloride.  After  adding  1  g  of  aluminum  chlo¬ 
ride  and  heating  the  mixture  to  the  boiling  point  of  trimethylchlorosilane,  an  ap¬ 
preciable  quantity  of  trimethylfluorosilane  suddenly  begins  to  condense  in  the  trap. 
The  trimethylchlorosilane  driven  off  is  returned  to  the  reaction  flask  in  small  por¬ 
tions.  The  reaction  temperature  is  held  at  about  30°C.  Fractionation  of  the  reaction 
mixture  under  reduced  pressure  yields  two  fractions  with  the  respective  boiling 
ranges  of  71-72°C(50nm)  and  95-96°C(50  mm). The  first  fraction  is  fluorochlorotetra- 
methylmethylenedisilane,  FSifCH^) jCHjSitCH^^Cl  in  26%  yield,  while  the  latter 
fraction  is  dichlorotetramethylmethylenedisilane,  CISi ( CH^ ) jCH-^SiC CH^ )  gC  1 ,  in  Kl% 
yield.  The  mixed  chlorofluorotetramethylmethylenedisilane  undergoes  a  dispropor¬ 
tionation  reaction  already  during  the  process  of  distillation  under  atmospheric 
pressure. 

The  methylene  groups  between  the  silicon  atoms  are  bound  rather  firmly  to  the 
silicon.  Concentrated  sulfuric  acid,  HF,  and  a  boiling  alkali  solution  all  fail  to 
break  this  bond;  but  it  is  sensitive  to  the  action  of  the  atmospheric  oxygen  at  el¬ 
evated  temperatures.  One  of  its  oxidation  products  is  formaldehyde.  In  the  absence 
of  oxygen,  such  compounds  are  thermally  stable. 

Compounds  with  alternating  silicon  and  carbon  atoms  in  the  molecular  chain 


F-TS-9191/V 


688 


may  also  be  prepared  by  the  action  of  lithium  (Bibl.3) 

Chloromethyltrimethylsilane  reacts  with  lithium  to  form  lithiummethyltrimethyl- 
silane.  These  organometallic  compounds  have  been  used  by  various  investigators  in 
the  synthesis  of  alkyl-substituted  silanes: 

2(CHj)3SiCH,Li  +  (CHjJjSiClj  =  (CHs),SiCH^i(CH,)2CH2Si(CH,)s  +  2LiCI 
(CH3)3SiCHsLi  +  CISi(CH3)4CHsCI  =  (CH,)3SiCH4Si(CH,)4CH4CI  +  LiCI 
•.>(CH3)3SiCIl8Si(CHs)sCH,Li  +  (CII3)jSiClf  - 

=  (CH3)3SiCM^i(CH3)!CH2Si(CH,)iCH!!Si(CHl)jCHfSi(CH,),  t  2LiCI 

When  0.155  mol  of  dimethyldichlorosilane  is  poured  over  a  period  of  A5  min. 

into  0.5  mol  of  (CH^J^SiCHgLi,  diluted  with  500  cm?  of  pentane,  and  the  mixture  is 

heated  12  hours,  after  which  the  pentane  is  distilled  off,  octamethyldimethylene- 

trisilane  CH  [ ( CH  )  SiCH  ]  Si(  CH  )  ,  decamethyltrimethylenetetrasilane , 

CH^tfCH^J^SiCH^j^SiCCH^)^,  and  dodecamethyltetramethylenepentasilane, 

CH  [(CH  )  SiCH  ]  Si(CH  )  ,  are  formed. 

3  3  2  2  V  3  3 

Preparation  of  polyalky Imethylenehalosilanes  (Bibl.3).  1.  After  7  hours  of 
heating  at  375°C,  under  pressure  of  50-70  atm,  of  a  mixture  of  885  parts  of 
(CH^)^SiCl  and  23  parts  of  AlCl^,  a  certain  quantity  of  CH2[Si(CH^)2Cl]2  is  formed; 
boiling  point  176-177°C  (75A  nm);  refractive  index  nj^  *  1.016. 

A  solution  of  179  g  of  ClCH2Si(CH^)20Si(CH^)^  in  300  g  of  ether  is  poured,  over 
a  period  of  2  hours,  into  a  mixture  of  23  g  of  magnesium  and  50  g  of  ether.  The  mix¬ 
ture  is  then  heated  0.5  hour,  and  a  solution  of  2A2  ml  of  (CH^^iC^  in  ether  is 
added  to  the  Grignard  reagent  so  formed.  The  mixture  is  heated  1.5  hour,  and  is  then 
hydrolysed  0.25  hour  by  ice  water,  yielding  200  g  of  ( CH^ ) iOSi ( CH^ ) 2CH2Si ( CH^ ) ^  in 
the  form  of  an  oil,  of  which  100  g  is  now  mixed  with  500  ml  of  cold  sulfuric  acid 
and  117  g  of  CaF^.  The  product  so  prepared  is  extracted  *rth  pentane,  giving  A3  g  of 
CH2[Si(CH^)2F]2  ;  b.p.  11A-116°C  ;  specific  gravity  d^°  -  0.920;  refractive  index 
nj)°  -  1.3780. 

Preparation  of  polyalkyl ethylenesilanes.  To  1/+.0  g  of  lithium  foil,  in  1000  ml 
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of  boiling  pentane,  period  of  2  hours,  125  g  of  trimethylchloromethylsilane  is  added. 
The  pentane  is  then  gradually  distilled  off  over  a  10-hour  period.  The  yield  of 
(CH^)^SiCH2Li  is  about  86*  of  theoretical.  When  0.86  mol  of  trimethylmethyll^thium- 
silane  in  1  liter  of  pentane  is  heated  8  hours  with  0.8  mol  of  dimethyldi-(chloro- 
methyl) -silane,  ClCH^SitCH^^CH^l,  cnloromethylpentamethylethylenedisilane  in  81$ 
yield  is  obtained.  On  heating  12  hours,  1-chloromethylhexamethyldiethylenetrisilane 
is  formed.  On  heating  48  hours,  2-chloromethylnonamethyltriethylenetetrasilane  in 
66*  yield  is  obtained. 

Heating  a  solution  of  (CH^SiCH^gCl  with  (CH-^-jSiCI^Cl  in  amyl  ether  to  130°C 
gives  hexamethylethylenedisilane,  (CH^J^SiCH^H^iCCH^)^.  The  yield  is  40$  of  theo¬ 
retical. 

The  polymethylmethylenesilanes  may  also  be  prepared  by  the  condensation  of 
chloromethyldimethylchlorosilane  with  sodium  in  toluene.  The  reaction  takes  the 
following  course: 

nCICM(Si(CH|)|CI  +  2nN«  —  >  [CHtSi(CH,)lJn  +  2nN.CI 

In  this  case  the  polymeric  product  [CHjSiCCH^Jj^  is  formed,  where  n  »  55.  A  product 
with  such  a  degree  of  polymerization  is  soluble  only  partially  in  hydrocarbons.  In 
the  presence  of  trimethylchlorosilane,  the  growth  of  the  polder  chain  is  stopped. 

On  comparing  the  physical  properties  o’  polymers  with  alternating  silicon  and  carbon 
atoms  (cf.  Table)  with  the  literature  data  for  the  polydimethylsiloxanes .  it  will  be 
noted  that  the  elevation  of  the  boiling  point  for  each  (CH^J^SiCH^  group  is  greater 
than  it  is  for  each  (CH^^iO  group. 

The  variation  in  the  viscosity  of  polymers  with  alternating  silicon  and  carbon 
atoms  with  the  temperature  is  more  pronounced  than  in  the  case  of  polydimethylsilox¬ 
anes  .  The  homologs  studied  have  a  higher  heat  of  evaporation  than  the  corresponding 
polydimethylsiloxanes.  All  these  data  compel  the  inference  that  the  associative  in- 
termolecular  forces  are  more  pronounced  in  polymers  with  alternating  silicon  and 

6?J 
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ini  carbon  atoms  than  in  polydirethylsiloxanes. 

TaMe  80  gives  the  physical  properties  of  compounds  with  alternating  silicon 
and  carbon  atoms  in  the  chain  (cf.p.692). 


LO'.’J-nOLEC ULAR  ORGANOSILOXAKES 

The  literature  describes  a  large  number  of  low-molecular  organosiloxanes,  con¬ 
taining  both  like  and  unlike  radicals.  The  disiloxanes  have  been  studied  in  the 
greatest  detail.  Linear  and  cyclical  polysiloxanes  containing  10  and  more  silicon 
atoms  in  the  molecule  have  also  been  isolated  and  characterized. 

The  methods  of  preparing  them  reduce  down  to  the  hydrolysis  or  cohydrolysis  of 
tiie  corresponding  monomeric  compounds,  or  to  the  thermal  and  catalytic  rearrangement 
of  disiloxanes  and  cyclic  polymers.  These  methods  have  already  been  discussed  in  de¬ 
tail  in  Chapters  IV,  V  and  VI. 

hydrolysis  of  triethylchlorosilane  ’ey  water  leads  to  the  formation  of  hexaethyl- 
disiloxane  (Bibl.*-,  5,  6).  Cn  hydrolysis ,  in  an  acid  medium,  of  trialkylchlorosil- 
anes  containing  mixed  organic  radicals  attached  to  the  same  silicon  atom,  organosil¬ 
oxanes  are  also  formed.  Thus,  for  example,  tetramethyldiethyldisiloxane  is  fonned 
from  dimethylethylchlorosiiane  (Bibl.7).  Trimethyltriethyldisiloxane  could  be  iso¬ 
lated  by  the  combined  hydrolysis  of  trimethylchlorosilane  and  triethylchlorosilane 
in  an  acid  medium  (Bibl.8).  On  hydrolysis  of  triphenylchlorosilane,  tribenzylchloro- 
siiane  and  trixylylchlorosilane  in  an  acid  medium,  hexaphenyldisiloxane,  (Bibl.9), 
hexat enzyldisiloxane  (Eibl.10),  and  hexaxylyldisiloxane  (Bibl.ll)  are  formed,  res¬ 
pectively.  On  the  hydrolysis  of  alkyl-aryl-halc silanes,  for  instance,  of  methyldi- 
pherylchiorosilane,  tetraphenyldimethyldisiloxane  is  formed  (Bibl.12),  while  tetra- 
phenyldiethyldisiloxane  is  obtained  as  a  result  of  the  hydrolysis  of  diphenylethyl- 
chlorosilane  (Dibl.13).  Diethylphenylchlorosilane  is  hydrolyzed  in  an  acid  medium, 
forming  tetraethyldiphenyldisiloxane  (Eibl.lk).  Tetrabenzyldimethyldisiloxane  is 
formed  by  the  hydrolysis  of  dibenzylmethylchlorosilane  (Bibl.15),  while  tetrabenzyl- 
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i'*l — 185  (34  mm) 
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Continued . Table  Cl 
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■thylcyclononasiloxane 


Table  82 


Physical  Properties  of  Organosiloxanes  Containing  Chlorine  and  Various 


Functional  Groups  and  Radicals 


Qilo  romethy  1  pen  tame  thy  ldi  si  loxane 

Di- (chloromethyl  )-tetramethyldisiloxane 

I 

1,  2-Pi  -  (dichlorornethyl )-  tetramethyl disi loxane 
1,  3-Li-  (chloromethyl)-hexamethyltrisiloxane 

1. 4- Ui-  (chloromethyl ) -octamethyltetrasiloxane 
],  5-Pi-  (chloromethyl) -decame thy lpentasi loxane 

1,6-Ti* (chloromethyl) -dodecamethylhexasiloxane 

Hept  amethyl- 2- chloromethyl trisi loxane 

Octamethyl-  2,  3-  dj  -  ( chloromethy  1 )-  tetrasiloxane 

Nonamethyl-2,  3,  4- tri  - (chloromethyl )- 
pent asi loxane 

Decanethyl-2,  3,  4.5-  tetra- (chloromethyl  )- 
hexasi  loxane 

1,  2,  3-Tri -  ( chloromethyl ) -penlamethyl trisi loxane 

1.2.3. 4- let  ra-  < chloromethyl )  -hexamethyl  - 
tetrasi loxane 

1,  2,  3,  4,  5- Pen ta-  (  chloromethyl )  -hoptamethyl- 
pentasi loxane 

1. 2- Id-(a-chloroethyl)  tetramethoxydisi loxane  | 
]’ 2- Hi- (l-chloroethy 1 ) - 1 etraethoxydisiloxane  ■ 

1. 2- 1H-  (3-chloroethyl )  -  tetramethoxydisi  loxane 
])  2-Di-  (p-chloroethyl  )-tetraethoxydisi  loxane 
],  2- Pi  -  (?-  chi oroethy  1 )  -  tetrapropoxydisi loxane 
Dj. (pentachloroethyl )- tetrachlorodisi loxane 

1. 2-  I'dliydroxymethyl  tetramethyl  disi  loxane 

1. 2- Hydroxytetraphenyldisiloxane  ; 

Carboxymethy  lpentamethyl  di  si  loxane 

Acetoxymethy  1  pen  t  amethy  1  di  s  i  lox  ane 

1,  2-Di  acetoxymethyl  tetramethyl  di  si  loxane  j 

1,  2- Dimethyl tetramethoxydisiloxane 

1.3- Diiretliylhexamethoxytrisiloxane  I 

1. 2-  Dimethyl tetramethoxytrisiloxane  j 

1. 2- Dimethyltetrabutoxydisiloxane  ; 

1. 2- Dimethyl  tetraamyloxydisiloxane 

1.2- Dihydroxytetranhenyldisiloxane 
I!  2-Dihydroxytetrabenzyldisiloxane 

1 . 2-  Pihydroxydiethy lphenyl di si loxane 

1. 2- Di- (nitrophenylc^rboxymethyl)- 1, 2- 

tetramethylaisiloxane  1 

]F  3- Dihydroxyhexaphenyl  trisi  loxane 

1. 3- Dihydroxyhexabenzyltrisiloxane  I 


ClCH»(CH,)2SiOSi(CHs).1 

CICHj(CH*)jSiOSi(CH,)jCHsC;i 

a2CH(CH,):SiOSi(CH8',oCHCI, 

CICH,((CH,)*Si01,Si(CH:i)tCHsC! 

('.ICHs[(CHa)5SiO|aSi(CH3)sCHjCI 

''ICHs[(CH3)nSiO]4Si(CH3)8CH^:i 

i:iCH!|(CH;))!SiO]5Si(r.H,).CH!(CI 

CH, 

I 

fCH*)jSiOSiOSi((?l  l;,b 
CHjCl 

(CHj)jSiO|(CH,-)CHsCI5iO|sSi(CHa).i 

(CH:().iSiO|(CMj)CHsCISiO)aSi(CHa)3 

(r,H;i)aS10|(r,HJ)CM2CISiO|«Si(CHa), 

cu:iMCii,)ssi(.)(CH.,)SiiCiiJci)OSi(CH,)!(:iM.i 

(:K;Ha(ai,)JSi01(CH.1)CHsCISi()|sSi(CH,)sCH^.l 

a<  H.(a4,)sSiO|(c:i  i  ,)c:i  i.t :isn )|,Si(CH,),cHl(:i 

lCllsCHCISi(0Clla)*l»0 
iC:H3CHCISi(OC.Hl),l*0 
|CH|CICHiSi(OCl 
(CHsCICH|Si(OCjH§)i|jO 
|CHaCICH*Si(OC3H7)t|aO 
t  .ll(CsCll)SiOSi(CjCI»)Cli 
|  HOCHj(CH3)tSi  )*0 
|H0(C.I!*)lSil«0 
lCHj).iSiOSi(CHs)jCHsCOOH 
fCH*)*SiOSi(CH*)sCHvOCOCHi 
|('.H.,COOCHf(CHJ)«SiliO 
|Cll3(CH,0),Sil*0 
<  :i  i  .Kr.HjOijS.oi-SiiocHjitCH, 
[CH3(CsH»0)jSi  IjO 
|CH3(C4H,0)Si|50 
|  CH3(C,  H , ,  0)»S  j  |tO 
|HO(C.!l,)*SilsO 
1  M0(C*H»C1 1  -)jSi  )*(  > 

1 1 10(C-1  l»)tQH.)Si  |2< ) 
|UINC,M,COOCI  I...Si(CH,)sliO 

HO|(C#ll$)sSiO|!!Si(C.II»)*OH 
t  io|(r,iisr.Hs)1!SiOi5SHC(,i  isr.H,wM  i 


F-TS-9191/V 


695» 


Table  82  (cont’d) 


prcttinq 

Point 

°C 

ftollmq  Point 

•C 

-5° 

Detract.  Indu 

•8? 

Vbtoi  tty  i 

n  Cmtiit..  / 

MeiteuUr 

Detraction 

At  VC 

At  U*c 

151,8-151.8 

0,9105 

1,4106 

_ 

.  _ 

-90 

1 10^40  mm ) 

1,034 

1,4363 

58,5 

3,54 

0,76 

. 

150  (40  mm) 

1,2213 

1,4660 

— 

— 

— 

-79 

142  (40  mm) 

1,020 

1,4283 

77.1 

4,55 

1,00 

—94 

168  (40  mm) 

1,008 

1,4231 

969 

5,61 

1.20 

-85 

190  (40  mm) 

1,002 

1,4200 

114,8 

6,80 

1.41 

-77 

223  (40  mm) 

0,996 

1,4173 

133,2 

— 

— 

-85 

102  (40  mm) 

0,918 

1,4058 

72,5 

2,46 

0,70 

-77 

162  (40  mm) 

1,006 

1,4212 

95,5 

6,02 

1,18 

-85 

210  (40  mm) 

1,063 

1,4311 

118,9 

9.83 

1,67 

-77 

251  (40  mm) 

1,100 

1,4375 

142,2 

21,17 

2,68 

- 

176  (40  i»m) 

1,122 

1,4465 

81,8 

2,75 

(55.8*) 

(W£) 

~ 

167  (5  mm) 

1,157 

1,4520 

104,4 

4,97 

(55.8*) 

AS) 

~ 

210  (6  mm) 

1.182 

1,4553 

128,2 

8,00 

(ri.s*) 

3,61 

(99.4«>) 

— 

1  |05  (2  mm) 

1.176 

1 ,4284 

— 

— 

— 

- 

{  132-133  (5  mm) 

1,089 

1 ,4243 

— 

— 

— 

— 

133  (3  mm) 

1,189 

1 ,4333 

— 

— 

—  • 

— 

1 34 —  1 35  ( 1  mm ) 

1,091 

1,4280 

— 

— 

— 

— 

j  180— 181  (7  mm) 

1.045 

1.4330 

— 

— 

— 

— 

!  178—183  (1  mm) 

— 

— 

— 

— 

— 

-5 

i  _ 

0,975 

1.4358 

— 

— 

— 

113 

— 

-  - 

— 

— 

— 

— 

17 

— 

— 

1,4140 

— 

— 

— 

— 

!  180  (735  mm) 

0,902 

1,4040 

— 

— 

— 

— 

I  250 

0,993 

1,4215 

— 

— 

— 

— 

62  (1  mm) 

1,0179 

1.3812 

— 

— 

— 

— 

1  82  (2  »» ) 

1,0488 

1,3867 

— 

— 

— 

— 

1 00  (  20  mrn) 

•  — 

1,3686 

— 

— 

— 

— 

160  (4  mm) 

0,9104 

1,4111 

— 

— 

— 

— 

175— 177  (2  mm) 

0,9066 

1,4198 

— 

— 

— 

1 13 

i  — 

— 

— 

— 

— 

76,(i 

— 

— 

— 

— 

— 

87,5 

,  — 

— 

— 

— 

— 

_ 

II&-I ! 

! 

— 

— 

— 

— 

— 

Ill 

*2,0 

— 

— 

— 

— 

— 

— 

1 

1 

Bt'bl. 


22 

22 

22 

22 

22 

22 

22 


28  ‘ 


28 

28 

28 
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diethyldisiloxane  is  formed  from  dibenzylethylchlorosilane  (Bibl.l6).  On  the  hydrol¬ 
ysis  of  benzylethylbutylchlorosilane,  dibenzyldiethyldibutyldisiloxane  is  formed. 

The  presence  of  an  unsaturated  organic  radical  in  the  chloride  molecule  does  not 
change  the  course  of  the  hydrolysis  reaction.  On  hydrolysis  of  allyldimethylchloro- 
silane  in  an  acid  medium,  diallyltetramethyldisiloxane  is  foraed  in  good  yield.  The 
formation  of  polymeric  products  on  account  of  a  reaction  at  the  place  of  the  double 
bond  has  not  been  observed  (Bibl.18). 

The  only  hexaalkyldisiloxane  with  a  triple  bond  in  the  organic  radical  that  is 
known  today  is  hexaethynyldisiloxane,  synthesized  by  Vol’nov  and  Reutt  (Bibl.l9).by 
hydrolysis  of  the  reaction  mass  obtained  after  the  reaction  between  SiCl^  and 
acetylene  magnesium  bromide,  by  the  following  technique. 

Preparation  of  hexaethynyldisiloxane.  To  1  mol  of  CBeCMgBr,  dissolved  in  ether, 
0.175  mol  of  SiCl.  is  gradually  added.  After  the  addition  has  been  completed,  the 
mixture  is  heated  3  hours  on  the  water  bath,  and  is  then  decomposed  by  water.  The 
ether  layer  is  separated  and  the  solvent  distilled  off.  The  residue,  consisting  of 
hexaethynyldisiloxane,  is  recrystallized  from  ethanol. 

Hexaethynyldisiloxane  forms  yellowish-white  crystals  of  melting  point  19-20°C , 
which  are  readily  soluble  in  ether,  benzene,  toluene,  petroleum  ether,  and  chloro¬ 
form. 

Table  81  gives  the  physical  properties  of  certain  low-molecular  organosiloxanes. 

The  organosiloxanes  with  a  chlorine  atom  in  the  radical  are  of  particular  in¬ 
terest,  for  chlorine  has  a  substantial  influence  on  the  physical  and  other  proper¬ 
ties  of  these  compounds,  increasing  the  forces  of  intermolecular  interaction  (cohe¬ 
sive  forces).  Chlorcoethylmethylsiloxanes  of  three  types  may  be  prepared: 

ClCHtSi(Q  l,)ft) — | — Si(CH,)tO — j— Si(CH,)|CH|CI 
( CH,),SiO-|— Si(CH,)(CH,CI)0-j  -Si(CH,)f 
CICH|(CH»)»SiO— |— Si(CH,)(OilCI)(V-]— ■Si(CH,)*CH*CI 
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Polymers  of  the  first  type  have  been  prepared  by  2  hour  boiling  of  a  mixture 
of  178  g  (1.2k  mols)  of  dimethylchloromethylchlorosilane  and  k 6  g  (0.62  mol)  of 
hexamethyleyclotrisiloxane  in  aqueous-alcoholic  solution.  The  reaction  mixture  was 
then  washed  with  water,  dried  over  calcium  chloride,  and  fractionated. 

Polymers  of  the  second  type  have  been  prepared  by  3.5  hour  boiling  of  an 
aqueous-alcoholic  solution  of  a  mixture  of  162  g  (l  mol)  of  hexamethyldisiloxane 
and  163.5  g  (1  mol)  of  chloromethylmethyldichlorosilane.  The  reaction  mixture  was 
then  washed  with  water,  dried  over  calcium  chloride,  and  fractionated. 

Polymers  of  the  third  type  have  been  prepared  by  reacting  a  mixture  of  2  mols 
of  dimethylchloromethylchlorosilane  and  1  mol  of  chloromethylmethyldichlorosilane, 
followed  by  addition  to  aqueous  alcohol.  The  mixture  so  obtained  was  then  stirred. 
Its  further  treatment  was  similar  to  the  preceding. 

It  is  interesting  to  note  that  the  degree  of  polydisperseness  of  the  reaction 
products  is  the  same  in  all  three  cases,  and  it  was  only  in  the  preparation  of  poly¬ 
mers  of  the  first  type  that  traces  of  cyclic  products  were  found  in  the  reaction 
mixture.  This  phenomenon  is  to  a  certain  extent  in  contradiction  to  the  literature 
statements  that  cyclic  polymers  are  formed  in  cases  where  the  system  is  in  the  equi¬ 
librium  state.  It  is  possible  that  the  formation  of  polymers  in  this  case  may  be 
hindered  by  the  large  size  of  the  CHgCl  group. 

The  polymers  of  the  first  group  have  specific  refractions  and  activation 
energies  of  viscous  flow  that  are  very  close  together. 

The  chlorine  content  of  the  polymers  was  determined  by  heating  a  weighed  sample 
portion  of  the  polymer  with  a  known  quantity  of  a  solution  of  KOH  in  diethylene 
glycol  in  a  closed  flask  at  150-175°C,  and  titration  of  the  excess  alkali  against  a 
titrated  solution  of  acid.  The  polymers  of  the  third  grc  p  fcm  gels  when  this  de¬ 
termination  is  made. 

Titration  of  alkali  against  acid  is  difficult  in  the  presence  of  a  gel  and 
gives  fluctuating  results.  The  molecular  weight  of  polymers  of  the  third  type  was 
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ebulliometrically  determined.  The  values  of  the  molecular  weights  were  found  by- 
extrapolation  of  the  experimental  data  to  zero  concentration. 

Table  82  gives  the  physical  properties  of  organosiloxanes  containing  chlorine 
together  with  various  functional  groups  in  the  radicals. 
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CHAPTER  X 


HIGH-MOLECULAR  COMPOUNDS  CONTAINING  SILICON 

Silicon  forms  high-polymer  compounds  of  two  types,  inorganic  and  organic.  This 
Chapter  is  devoted  mainly  to  the  chemistry  of  the  high-molecular  organosilicon  com¬ 
pounds  . 

Organosilicon  polymers  are  complex  compounds,  whose  molecular  chains  are  con¬ 
structed  of  alternating  silicon  and  oxygen  atoms,  or  of  silicon  and  carbon,  silicon 
and  nitrogen,  silicon  and  sulfur,  etc.,  side  organic  radicals  or  groups  being  pres — 
ent  at  the  same  time. 

Organosilicon  high-polymer  compounds  constitute  a  new  branch  of  the  chemistry 
of  polymers,  which  possess  properties  of  exceptional  practical  importance;  they  are 
heat-resistant,  moisture-resistant,  have  low  dielectric  losses  and  high  electrical 
resistivities,  high  electrical  breakdown  strength,  exceptional  anti-sparking  and 
anti-arcing  properties,  considerable  ccmpressability  under  high  pressures,  good  re¬ 
sistance  to  freezing,  etc. 

A  large  variety  of  high-polymer  products  are  already  being  produced  today  on 
an  industrial  scale:  rubbers  of  exceptional  thermal  stability  and  resistance  to 
freezing;  resins  for  the  production  of  heat-resistant  lacquers  and  plastics,  and 
■  iectrical  insulation;  liquids  with  a  low  temperature-dependence  of  viscosity,  for 
water-repellent  treatment  of  materials;  lubricating  oils  with  low  freezing  points 
and  high  thermal  stability. 

Organosilicon  polymeric  compounds  broaden  the  range  of  working  temperatures  to 
from  -100°C  to  +300^0,  which  lie  far  beyond  the  limits  within  which  organic  poly¬ 
mers  can  be  used.  These  properties  are  due  primarily  to  the  chemical  composition 
and  the  structure  of  the  molecular  chains,  in  which  the  silicon  atom  is  most  often 
bound  to  oxygen  atoms.  This  structure  was  previously  known  only  in  high-polymer 
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inorganic  products,  such  as  glass,  quartz,  etc. 

The  high-polymer  organosilicon  compounds  whose  molecular  chain  consists  of  al¬ 
ternating  atoms  -  Si  -  0  -  Si  -  0  -  Si  known  today  under  name  of  polyorgano- 
siloxanes,  are  widely  available.  These  polymers  are  of  very  great  technological  im¬ 
portance,  and  therefore  will  be  given  particular  attention  in  this  Chapter. 

Before  beginning  our  discussion  of  polymeric  organosilicon  compounds,  it  ap¬ 
pears  to  us  to  be  advisable  to  discuss  the  oxygen-containing  inorganic  polymeric 
silicon  compounds  of  the  type  (SiO^Jn  and  water-glass,  and  also  to  acquaint  our¬ 
selves,  from  the  example  of  carborundum,  with  the  properties  of  polymers  containing 
the  Si  -  C  bond.  Acquaintance  with  these  substances  will  enable  us  to  compare  their 
properties  with  those  of  the  polymeric  organosilicon  compounds,  and  to  understand 
certain  specific  peculiarities  of  the  formation  and  chemical  properties  of  the  poly- 
organosiloxanes,  which  is  the  branch  of  greatest  practical  importance  and  theoret¬ 
ical  interest  in  the  chemistry  of  the  organosilicon  polymer's. 

Organosilicon  polymers  may  be  divided  into  the  following  groups,  according  to 
their  chain  structure:  polymeric  compounds  whose  chains  contain  silicon  -  oxygen  - 
silicon;  polymeric  compounds  with  chains  containing  silicon  -  carbon  -  silicon  - 
oxygen;  polyorgancmetallosiloxanes  with  chains  containing  silicon  -  oxygen  -  metal  - 
oxygen  -  silicon,  Si  -  0  -  Ke  -  0  -  Si. 

Polymeric  Compounds  with  Silicon  -  Oxygen  -  Silicon  Chains 

Organosilicon  polymeric  compounds  with  molecular  chains  constructed  of  silicon 
and  oxygen  atoms  may  be  classified  as  follows: 

1.  Derivatives  of  orthosilicic  acid  esters: 

OR  OR  OR 

■  ■  —  O— Si— O  — ^i— *0— O— •  •  - 

<)R  (.Ir  <k 

linear  polymers 
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I 

-Si— 


OK  OR 


O 


^  “  ki-o-ii- 


*3 1  — O— ! 

A 


OR 


.Ar 


-Si- 

I 


Three-dimensional  polymers 


2.  Derivatives  of  monoalkyl-or  monoaryl-substituted  esters  of  orthosilicic  acid 
or  of  monoalkyl-or  monoary 1-halosilanes : 


R  o  K 
- O— ki— O- ki-O-ii— i 


i  1  1 


O - 


k!r: 

— <  V-  ki  — O — Si— O — Ai — O — Si — i 


o 


o  o 


R  j  R  I  I 

— ( > — ki — <  > — Si — <  > — ^i-  ( ) — Si — O — Si — O - 

A 


i  A  ,1 


Polydimensional  polymers 


3.  Derivatives  of  dialkyl-(diaryl)-substituted  esters  of  orthosilicic  acid  or 
of  dialky l-(diaryl)-halosilanes: 


R  R  R 

•  •  — O— -ki — O — ki— O — ki— O — 

i-  t' 

linear  polymers 

The  cocondensation  of  alkyl-(aryl)-silanetriols  with  dialky l-(diaryl)- 
silanediols  leads  to  the  formation  of  compounds  with  molecules  consisting  of 
siloxane  chains  of  cross-linked  structure: 
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R  R  R  R  R 

i.  I.  i  I.  I. 

*  •— Si—O— Si— -(^-Si— -O— Si^O— 

R  :F?  R  R 

o 

I  R  R  R 

- 0— Si— O — li— < > — — o — — < » - 

J  l  l  A 

cross-linked  polymers 

Polymeric  Compounds  with  Silicon  -  Carbon  -  Silicon  -  Oxygen  Chains 

I-y  the  introduction  of  organic  groups  into  molecules  with  siloxane  bonds,  a  new 
class  of  high-molecular  organosilicon  compounds  with  a  mixed  siloxanocarbon  chain 
may  he  prepared: 


R  R 

-O— Si— R—  ii- 
i  r 


()  - 


Polro  rr.a  ipmetallosiloxanes 

Pol:T.eric  compounds  with  silicon  -  oxygen  -  metal  -  oxygen  chains  are  obtained 
'y  cohydrolysis  of  alkyl- ( aryl )-halosi lanes  with  metallic  salts. 

Polycrpanometa] losiloxanes  have  the  following  structure: 

R  R 

- !i— O—  M-  O— 4i— 

l  i  I 

R  O  R 

I 

where  !'  -  Al,  Ti,  etc. 

P011T.ERIC  INORGANIC  COtlPOUKDS  OF  SILICON 

Ir  the  macromolecule  of  silica  (SiC^^  and  of  the  silicates,  each  silicon  atom 
is  uound  to  four  oxygen  atoms,  while  each  oxygen  atom  is  bound  to  two  silicon  atoms. 
Thus,  in  (SiC„)  ,  all  the  bonds  between  adjacent  atoms  are  completely  saturated  by 
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the  valences  of  silicon  and  oxygen  (Fibl.l). 

Tie  lattices  of  solid  Si02  and  solid  CC>2  differ  sharply  from  each  other.  The 
CC0  lattice  is  molecular. 

SiC^  (silica)  does  not  constitute  a  single  molecule,  but  a  high-polymer  com¬ 
pound  with  a  high  melting  point  (1625°C). 

The  energy  of  the  single  bond  C  -  0  is  75  kcal,  while  the  energy  of  the  Si  -  0 
bond  amounts  to  £9  kcal.  Thi3  difference  in  the  bond  energies  is  due  to  the  charac¬ 
ter  of  the  Si  -  C  bond  being  considerably  closer  to  an  ionic  bond  than  the  C  -  0 
bond,  owing  to  the  fact  that  silicon  is  more  highly  electropositive  (the  energy  of 
ionization  of  silicon  being  71#b  kcal  less  than  that  of  carbon). 

Lower  Oxygen.  Compounds  of  Silicon 

The  lowest  representative  of  the  silicon  oxides  is  SiO.  In  vapor  form,  SiO  is 
an  individual  compound,  as  has  been  established  by  X-ray  analysis.  Its  spectrum  has 
absorption  bands  at  2\1K,  23K2,  2299,  2256,  2215  A.  (SiO,,)^  remains  solid  up  to  the 
melting  point,  but  when  heated  above  1700^0,, it  begins  to  sublime  vigorously 
(“ibl.2). 

Quartz 

Silicon  dioxide  is  trimorphous;  it  is  encountered  in  the  form  of  the  minerals: 
quartz,  tridymite  and  christobalite.  These  minerals  also  form  a  few  other  interme¬ 
diate  forms.  In  tridymite  and  christobalite  the  optical  properties  change  in  jumps, 
in  the  former,  at  117°C  and  163°C;  in  the  latter,  at  190°C  and  280°C;  the  volume  of 
quartz  changes  so  greatly  at  around  575°C  that  on  further  heating  (above  this  tem¬ 
perature)  its  crystals  partially  crumble  away.  At  ordinary  temperatures  quartz  is  a 
stable  form.  If  silica  gel  is  heated  with  water  containing  carbon  dioxide  to  275°C, 
only  quartz  crystals  are  obtained.  At  875°C  quartz  passes  over  into  tridymite,  but 
the  reverse  transformation  of  tridymite  into  quartz,  in  the  absence  of  a  solvent, 
has  not  yet  been  observed.  Solvents  encouraging  the  transformation  of  tridymite  into 
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quartz  are  molten  alkali-metal  chlorides,  borax,  and  especially  tungstates  or  vana¬ 
dates  of  the  alkali  metals. 

The  transition  temperatures  of  the  various  modifications  of  quartz  are  as  fol¬ 
lows: 


*75"  «  *70'  C  I470°C  1710*710* 

fl-  du.rt»  \  i- ZuMti  ♦  a-tndywit*  t  '  i-dinri.kuliti  ~  *  m«lf» 

The  transformations  of  a-  and  3 -quartz  into  each  other  are  accomplished  without 
disturbance  of  the  external  form  of  the  crystals.  Since  the  individual  particles 
still  preserve  their  mutual  positions,  the  transition  in  one  direction  or  the  other, 
at  temperatures  above  or  below  575°C,  takes  place  easily. 

The  modifications  with  the  lowest  vapor  pressure  at  a  given  temperature  are 
stable.  It  must  be  noted  that  the  transition  of  low-temperature  modifications  into 
high-temperature  modifications,  or  in  the  opposite  direction,  is  accomplished  with 
great  ease  and  rapidity  within  one  and  the  same  variety  of  silica,  for  instance  the 
transition  from  a-quartz  into  3-quartz.  This  is  because  such  a  transition  involves 
only  a  shift  and  rotation  of  the  silicon-oxygen  tetrahedra  in  the  crystal.  For  the 
transition  of  one  variety  of  silica  into  another,  for  instance  from  a-quartz  into 
a-tridymite,  the  bonds  between  the  separate  silicon-oxygen  tetrahedra  must  be  broken, 
and  new  bonds  must  be  formed.  This  makes  such  transitions  extremely  slow,  as  is 
proved  by  the  fact  that  all  varieties  of  silica  exist  in  the  form  of  minerals  for 
hundreds  of  thousands  of  years. 

The  structure  of  the  low-temperature  modifications  of  crystalline  silica  has 
not  yet  been  definitively  elucidated. 

Tridymite  and  christobalite  have  a  hexagonal  and  cubic  structure  respectively, 
and  therefore  their  densities  are  close  together.  Quartz,  however,  has  a  consider¬ 
ably  more  compact  structure,  and  accordingly  has  a  higher  density  and  a  higher  re¬ 
fractive  index. 
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Table  83  gives  the  physical  properties  of  the  different  modifications  of  sili¬ 


con  dioxide. 


Table  83 

Physical  Properties  of  the  Different  Modifications  of  Silicon  Dioxide 


Modification 

j  Doniity 

1 

Rrfuxtiy*  \niet 

y.L. 

1 

\  * 

1 

*  ! 

V  i 

HoM 

Hordncti 

ct-Qiartz 

fl-Tridmyite 

2,600 

2,28 

1,5400 

1,4775 

1 .53 

7 

7 

C-Qiristobalite 

2,210  [ 

1,466  1 

_ 

7 

(3-Oiartz 

2,650  1 

1.553 

1  1,544 

— 

(3  j-Chri  stobal  i  te 

2,30 
2,320  | 

1,487 

1.484 

Quartz  glass 

2,20 

1,458 

— 

Amorphous  fused  glass  (quartz  glass)  was  formerly  considered  a  supercooled  liq¬ 
uid  or  a  microcrystalline  substance.  Against  this  view,  evidently,  are  the  high 
softening  point  and  the  great  hardness  of  fused  quartz. 

The  melting  point  of  a-christobalite  is  1713°C;  at  this  temperature  it  under¬ 
goes  transition  into  a  viscous  quartz  glass. 

Silicon  dioxide  has  no  definite  melting  point,  because  it  contains  several  mod¬ 
ifications  at  the  same  time,  in  an  inconstant  quantitative  ratio;  on  heating,  the 
substance  gradually  softens,  like  glass;  at  1500°C  it  already  becomes  plastic,  and 
when  heated  still  further  it  may  be  drawn  out  into  thin  filaments.  Around  1780°C  it 
becomes  completely  liquid.  Even  before  the  time  of  fusion  has  arrived,  therefore, 
vessels  of  silicon  dioxide  may  be  fashioned;  by  this  method  of  manufacture  they  are 
not  transparent,  like  "quartz  glass",  which  is  first  brought  into  a  state  of  com¬ 
plete  fusion,  but  has  the  appearance  of  an  opaque  quartz  porcelain  with  a  silky  lus¬ 
ter.  If  silicon  dioxide  is  vaporized  at  a  temperature  over  1750°C  (the  boiling  point 
under  atmospheric  pressure  is  2230°C),  then  the  vapor  only  partially  condenses  in 
the  form  of  tridymite,  while  the  remainder  forms  a  glassy  mass.  This  glassy  mass  is 
distinguished  by  its  very  small  changes  with  temperature  fluctuations;  its  coeffi¬ 
cient  of  expansion  is  only  1/18  that  of  glass,  so  that  heated  quartz  vessels  may  be 
cooled  by  rapidly  plunging  them  into  water  without  danger  of  cracking  them.  Accord- 
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ing  to  present  ideas,  amorphous  quartz  glass  is  a  system  of  silicon-oxygen  tetra- 
hedra  bound  to  each  other  through  common  oxygen  atoms  and  having  a  disordered  ar¬ 
rangement  (Bibl.V).  These  ideas  are  based  primarily  on  the  study  of  X-ray  pictures 
of  these  glasses. 


Properties  of  Quartz 
Kodulus  of  elasticity  at  0°C,  kg/mm^ 

p 

Tensile  strength,  kg/mm 
Coefficient  of  expansion  at  0°C 
Specific  heat,  cal/°C 


10300 

16.3  (12.6) 
0.0000076-8 
0.18 


Silicic  anhydride  (SiOg)  in  the  form  of  crystals  may  be  prepared  artificially 
from  silica  gel  in  an  alkaline  medium.  Such  a  crystal  is  formed  on  the  cover  of  a 
bomb  to  which  a  thin  quartz  plate  has  been  attached.  Such  a  plate  gradually  becomes 
thicker  owing  to  the  deposition  on  it  of  silica  from  the  solution. 

Silicon  dioxide,  especially  in  crystalline  form,  is  little  subject  to  the  ac¬ 
tion  of  chemical  reagents  (except  alkalies).  The  action  of  alkalies  on  silica  may  be 
explained  by  the  fact  that  it  is  the  anhydride  of  silicic  acid.  The  chemical  activ¬ 
ity  of  silica  toward  various  reagents  depends  on  the  form  of  the  silica  (Eibl.5), 
and  increases  in  the  following  order: 

quartz  <  tridymite  <  christobalite  <  fused  quartz  <  hydrated  silica 
Quartz  dissolves  very  slowly  in  water;  the  temperature  of  the  water  affects 
the  rate  of  dissolution,  as  does,  to  a  lesser  degree,  the  pressure. 

Silica  gel  dissolves  relatively  fast  in  water,  and  its  solubility  does  not  de¬ 
pend  on  the  method  of  preparation  of  the  gel.  Only  the  time  required  for  the  solu¬ 
tion  to  reach  full  saturation  depends  on  that  method.  Apparently  the  relative  sur¬ 
face  area  of  the  gel  particles  is  of  primary  importance. 

Of  the  acids,  only  HF  acts  on  quartz.  The  rate  of  dissolution  of  silica  in  hy¬ 
drofluoric  acid  depends  on  the  activity  of  the  particular  form  of  silica  involved. 
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Silica  gel  forms  colloidal  solutions  in  weak  hydrochloric  and  sulfuric  acids. 

Fluorine  is  the  only  halogen  that  acts  on  SiO^  under  ordinary  conditions.  When 
mixed  with  carbon,  at  a  red  heat,  silica  also  reacts  with  chlorine  (Bibl.7)  and 
bromine  (Bibl.8). 

o 

Sulfur,  HjS,  or  CS2,  acting  on  silica  at  800-1100  C,  forms  long  silky  crystals 
of  silicon  disulfide  (Bibl.9).  At  high  temperature,  nitrogen  also  acts  on  silica, 
forming  silicon  nitride  (Bibl.10). 

Certain  halogen  compounds  also  act  on  silica.  When  silica  is  heated  with  ammo¬ 
nium  fluoride,  SiF  is  formed  (Bibl.ll).  SiCl,  is  formed  when  PCI*  or  PCI,  act  on 

lv  3  5 

silica  (Bibl.12).  SiF^  is  formed  from  silica  under  the  action  of  PF^  or  CF^.  Accord¬ 
ing  to  Demarie  (Gibl.13),  CC1.  also  acts  on  silica  at  a  red  heat,  slowly  forming 
SiCl  .  There  are  statements,  however,  that  CC1.  acts  only  on  Si0o  that  is  chemically 
combined  with  Al^O^,  and  therefore  treatment  with  CCl^  at  a  red  heat  has  been  pro¬ 
posed  as  a  method  of  removing  the  free  and  bound  Si02  from  bauxites. 

The  rate  of  dissolution  of  silica  in  alkalies  depends  on  its  activity;  quartz 
is  dissolved  very  slowly,  silica  gel  very  fast.  Finely  powdered  quartz  is  also  dis¬ 
solved  relatively  fast.  Silica  dissolves  very  slowly  in  hydrated  oxides  of  alkaline- 
earth  metals  (Bibl.15).  Ca(0H)2  in  aqueous  solution  acts  on  silica,  a  fact  which  is 
used  in  practice  in  the  manufacture  of  sand-lime  brick.  Calc inn  silicates  are  formed 
by  such  action. 

Silica  gel  reacts  appreciably  with  calcium  oxide  at  1600°C,  while  fused  quartz 
reacts  very  little;  christobalite  forms  a  silicate  at  lhO(PC,  Silica  gel  reacts 
with  barium  oxide  already  at  900°C;  but  with  magnesium  oxide  no  signs  of  reaction 
can  be  detected  at  that  temperature.  The  action  of  the  alkali-metal  carbonates,  on 
fusion  is  similar  to  that  of  the  alkalies  themselves  (Bibl.l6).  Sodium  sulfate  be¬ 
gins  to  react  with  silica  at  a  temperature  between  1120  and  1130°C. 

In  reactions  taking  place  in  aqueous  solutions,  the  principal  role  is  played 
by  the  fact  that  silicic  acid  has  exceptionally  weak  acidic  properties  and  is  dis- 
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placed  from  its  salts  ever,  by  carbonic  acid.  Cn  fusion,  the  most  essential  property 
of  silicic  acid  is  its  nonvolatility  at  high  temperatures,  which  results  in  its  dis¬ 
placing  even  strong  acids,  like  sulfuric,  from  their  salts. 

Silicon  Hydroxides 

The  hydrates  of  silicon  dioxide  are  obtained,  not  vy  direct  addition  of  water 
to  the  dioxide  Vt  h.y  a  different  method.  In  contrast  to  \\£Gy  they  are  more  sta¬ 
ble;  and  the  fact  that  they  are  always  obtained  in  the  colloidal  state  is  particu¬ 
larly  characteristic.  They  are  weak  acid3,  weaker  even  than  carbonic  acid,  since  in 
one  and  the  same  group  of  the  periodic  system,  the  elements  of  negative  character 
always  weaker  with  increasing  atomic  weight.  The  alkali  salts  of  silicic  acid  are 
strongly  dissociated.  This  is  confirmed  by  the  fact  that  the  heat  of  neutralization 
of  a  dilute  solution  of  the  acid  by  MaOH  is  almost  zero,  and  the  electrical  conduc¬ 
tivity  of  the  solution  is  almost  the  same  as  that  of  the  caustic  soda  it  contains; 
in  l/'  81!  solution,  hydrolysis  of  the  sodium  salt  may  be  considered  to  be  practically 
complete;  while  hydrolysis  of  salts  of  weaker  bases  is  detected  only  at  higher  con¬ 
centrations.  A  solution  of  sodira  silicate  thus  contains  at  the  same  time  free 
caustic  soda,  colloidal  silicic  acid,  and  unhydrolyzed  sodium  silicate.  The  caustic 
soda  can  be  removed  by  dialysis  from  such  solutions,  while  the  silicic  acid  does 
not  pass  the  membrane. 

By  dialysis  of  a  solution  of  sodium  silicate  a  very  p ’are  colloidal  solution  of 
silicic  acid  can  be  prepared. 

The  hydroxides  of  silicon  may  also  be  prepared  by  the  action  of  acids  on  sodium 
silicate: 


5i(ONa)«  +  4HCI - *  Si(OH),  -4-  4NaC! 

In  this  case  the  hydroxides  are  often  obtained,  not  in  the  fora  of  a  solution, 
but  in  the  fora  of  a  gel;  depending  on  the  concentration,  the  solution  either  re- 
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mains  transparent  or  gels.  For  instance,  if  a  10  £  solution  is  poured,  with  shaking, 
into  HC1  of  the  same  concentration,  a  completely  transparent  sol  may  be  prepared, 
which  can  then  be  separated  by  dialysis  from  the  NaCl. 

A  solution  of  silicic  acid  at  first  contains  acid  of  low  molecular  weight, 
which  polymerizes  only  after  a  certain  time.  This  is  due  to  the  gradual  rise  in  the 
freezing  point  of  the  solution  after  the  HC1  is  added  to  the  water  glass  to  be  dis¬ 
solved,  and  also  due  to  the  passage  of  rather  considerable  quantities  of  silicic 
acid  through  the  membrane  on  innediate  dialysis  (Bibl.17). 

According  to  some  determinations,  the  molecular  weight  of  silicic  acid  in  its 
sols  is  as  much  as  50,000.  The  rate  of  polymerisation  of  silicic  acid  depends  on  the 
hydrogen  ion  concentration.  If  SiCl  is  hydrolysed,  the  HC1  formed  rapidly  induces 

4 

polymerization.  But  if  silver  oxide  is  added  when  SiCl^  vapor  is  passed  into  the  wa¬ 
ter  to  hold  the  pH  constant  in  the  range  2  -  2.5,  then  a  liquid  is  obtained  which, 
according  to  cryoscopic  determination,  contains  as  much  as  80  %  of  moncmolecular 
silicic  acid  and  a  solution  of  the  dimer  ef  silicic  acid.  In  this  case  the  HC1  must 
be  completely  eliminated.  (Bibl.18). 

The  dimer  of  silicic  acid,  to  which  the  formula  0[Si(0H)^]2  has  been  attributed, 
passes  completely  through  the  dialysis  membrane;  polymers  of  silicic  acid  with  a 
higher  molecular  weight  also  pass  the  membrane ,  but  more  slowly.  Protein  is  precip¬ 
itated  by  polymeric  silicic  acid  containing  not  more  than  six  silicon  atoms  in  the 
molecule. 

The  existence  of  two  different  hydrates  of  silicic  acid  is  known  (Bibl.17):  the 
hydrate  of  metasilicic  acid  H^SiO^Cprobaly  polymerized  and  therefore  insoluble), 
and  the  hydrate  of  disilicic  acid,  HgSigO y  These  two  hydrates,  prepared  by  decom¬ 
posing  their  synthetic  sodiun  salts  by  cone,  sulfuric  acid,  differ  not  only  in  the 
course  of  the  dehydration  curve,  but  also  in  the  fact  that  the  meta-acid,  according 
to  the  X-ray  picture,  is  amorphous,  while  the  di-acid  has  a  crystalline  structure. 

The  gels  of  silicic  acid  formed  from  silicon  tetrahalides  by  hydrolysis  at  0°C, 
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contain  the  hydrate  (Si02H2°)x  (^bl*19).  If  the  reaction  of  formation  of  silicic 
acid  is  conducted  in  an  anhydrous  medium  (Bibl.20),  then  a  precipitate  containing 
only  slightly  more  water  than  (Si  HO)  is  obtained  instead  of  Si(CH)  ,  which  should 

2  2  X  4, 

have  been  formed  according  to  the  equation: 


SiCI*  +  4(C«H,),COH - *  Si(OH),  +  4<C,H,),CCI 

Gels  prepared  by  precipitation  always  contain  electrolytes  that  were  present  in 
the  solution.  They  can  be  removed  with  more  or  less  trouble.  For  instance,  it  is 
rather  easy  to  remove  the  sodium  chloride  from  the  gel  prepared  by  the  action  of  HC1 
on  sodium  silicate,  by  dialysis,  but  it  is  extremely  difficult  to  free  the  gel  from 
the  sodium  ion,  which  indicates  the  presence  of  a  sodium  compound.  Sols  not  contain¬ 
ing  alkalies  may  be  prepared  by  boiling  an  ester  of  orthosilicic  acid  with  water: 

Si(OC»H,),  +  4H£> - ►  Si(OH),  -f  4C.H.OH 

On  evaporation,  the  sols  also  fora  a  gel.  But  the  concentration  of  these  sols 
is  lower  than  the  concentration  that  can  be  attained  by  the  action  of  electrolytes. 
It  may  be  brought  up  to  14$  ,  and  the  Immediate  formation  of  a  gel  does  not  occur. 
The  ease  of  gelation  increases  with  the  concentration  of  the  solution,  and  also  with 
the  temperature  at  which  the  experiment  is  conducted. 

The  action  of  acids,  salts  and  alkalies  does  not  cause  instantaneous  coagula¬ 
tion  of  a  sol  of  silicic  acid,  and  sometimes  gels  are  even  made  moire  stable  by  such 
treatment;  in  other  cases  their  precipitation  sets  in  after  a  certain  time  has 
elapsed,  and  is  accelerated  with  decreasing  content  of  these  substances. 

In  a  study  of  the  structure  of  the  gel  of  silicic  acid.  Van  Beomelen  showed 
that  its  properties  do  not  depend  on  the  water  content  alone.  The  vapor  pressure  of 
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gels  at  various  water  contents  was  determined;  for  this  purpose  the  gels  were  kept 
over  sulfuric  acid  of  known  concentration  (having  a  definite  water  vapor  pressure), 
and  then,  when  the  loss  of  weight  of  the  gel  had  become  very  small  after  its  pro¬ 
longed  stay  over  this  sulfuric  acid,  the  water-vapor  pressure  of  the  gel  was  taken 
as  equal  to  the  water- vapor  pressure  of  the  sulfuric  acid.  Various  gels  of  the  sili¬ 
cic  acids  were  dehydrated;  then  these  gels  were  rehydrated  by  keeping  them  over  sul¬ 
furic  acid  of  higher  water  content.  It  was  found  that  dehydration  and  hydration  are 
not  always  reversible.  The  gels  of  the  silicic  acids  may  be  very  rich  in  water,  in 
contrast,  for  instance,  to  the  gels  of  certain  hydrates  of  metals.  Under  certain  con¬ 
ditions,  a  silicic  acid  gel  may  contain,  to  each  mol  of  SiO^,  up  to  330  mols  of  wa¬ 
ter,  which  may  in  part  be  removed  by  mechanical  squeezing.  With  a  content  of  30  mols 
of  water  per  mol  of  SiO^  a  gel  may  be  cut,  with  a  content  of  10  mols  of  water  per 
mol  of  SiO^,  it  becomes  brittle,  while  with  a  content  of  6  mols  of  water  per  mol  of 
SiO^,  it  can  be  ground  into  a  dry  powder. 

In  Figure  the  corresponding  water  vapor  pressure  is  plotted  on  the  ordinate 

axis,  and  the  water  content  of  the  gel  on 
the  abscissa  axis.  If  the  dehydration  of 
a  silicic  acid  gel  containing  much  water 
begins  at  the  point  A^,  the  vapor  pres¬ 
sure  will  fall  sharply  (with  the  loss  of 
water)  until  the  point  0  is  reached.  At 
this  point,  as  it  were,  a  change-over 
takes  place;  the  existence  of  this  point 
was  fomerly  taken  as  a  proof  of  the  ex¬ 
istence  of  definite  hydrates.  But  the 
position  of  this  point  may  vary  markedly,  according  to  the  experimental  conditions, 
and  it  can  be  shifted  at  will  more  or  less  to  the  left.  At  the  point  0  the  silicic 
acid  gel  begins  to  show  turbidity.  The  turbidity  increases  at  first,  and  then  de- 


sure  of  Silicic  Acid  Gel 

a)  Water  content  of  gel; 

b)  Water  vapor  pressure 
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creases,  disappearing  entirely  at  the  point  0^.  Van  Becmelen  calls  the  points  0 
and  0^  "turning  points".  When  the  second  turning  point  0^  has  been  passed,  on  fur¬ 
ther  lowering  of  the  vapor  pressure,  the  water  loss  again  considerably  decreases, 
the  curve  is  inflected  upward,  and  terminates  at  the  point  A,  corresponding  to  a 
product  containing  a  very  small  amount  of  water. 

Then  hydration  begins  (curve  Z).  From  to  0^  the  process  of  hydration  com¬ 
pletely  corresponds  to  the  preceding  process  of  dehydration.  The  two  curves  O-jA^ 
and  coincide.  Here  the  processes  of  liberation  and  addition  of  water  are  re¬ 
versible.  But  at  the  point  0  this  reversibility  ceases:  an  increase  in  the  water- 
vapor  pressure  results  in  the  formation  of  products  (points  on  the  Z  curve)  with  a 

lower  water  content  than  those  that  were  formed  during  dehydration  (the  point  A  ) 

2 

at  the  same  vapor  pressure.  On  further  increase  in  the  water-vapor  pressure,  the  wa¬ 
ter  content  rises  somewhat,  but  a  higher  pressure  is  always  required  for  rehydra¬ 
tion  than  was  required  to  obtain  the  dehydration  product  of  the  same  composition. 

The  point  0^  at  which  the  turbidity  disappears,  observed  on  the  curve,  lies  far 
above  the  point  0  at  which  this  phenomenon  was  observed  on  the  first  path.  If  hydra¬ 
tion  is  continued  beyond  this  point,  water  is  still  absorbed,  but  not  enough  to  form 
a  product  containing  300  mo Is  of  water  per  mol  of  SiO^  (curve  Z^). 

Similarly,  if  dehydration  stops  at  the  point  0,  and  then  re hydration  is  per¬ 
formed,  it  will  proceed,  not  back  along  the  path  A  ,  but  along  the  path  Z  instead. 

1  K 

Sven  if  the  point  C  has  not  been  reached  in  the  dehydration,  and  it  is  stopped  at 
the  point  A^,  a  renewal  of  hydration  leads  not  to  A^,  but  to  Z^.  Consequently  O^A^ 
is  the  only  part  of  the  curve  that  is  reversible. 

In  general  the  curve  of  dehydration  is  not  the  same  in  all  silicic  acid  gels, 
nor  do  the  turning  points  lie  at  one  and  the  same  position.  Their  position  probably 
depends  on  many  factors,  for  instance  on  the  method  of  preparing  the  gels,  on  their 
age,  on  the  rate  of  dehydration  and  on  the  temperature  at  which  it  proceeds.  The 
point  0  is  reached  the  earlier  (lies  the  more  to  the  left)  the  lower  the  concentra- 
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tion  of  the  solution  from  which  the  gel  was  precipitated,  the  more  rapidly  the  de¬ 
hydration  was  conducted,  the  shorter  the  time  elapsed  since  the  preparation  of  the 
gel,  and  the  lower  the  temperature  during  dehydration.  If  the  point  0  is  very  close 
to  C  ,  the  A  curve  almost  coincides  with  the  Z  curve. 

A  silicic  acid  gel  that  has  long  been  calcined  at  a  high  temperature  will  not 
in  general  again  absorb  water.  It  follows  that  the  turning  points  are  not  points  of 
phase-transition,  and  it  may  be  supposed  that  most  of  the  water  is  not  bound  chemi¬ 
cally,  but  is  held  by  adsorption,  which  is  the  firmer,  the  less  water  there  is. 

To  explain  the  existence  of  turning  points,  indicating  a  change  in  the  charac¬ 
ter  of  the  adsorption  under  certain  conditions,  the  structure  of  gels  must  be  con¬ 
sidered  in  detail. 

A  silicic  acid  gel  prepared  from  a  very  dilute  solution,  when  viewed  under  the 
ultrar.icroscope,  is  at  first  floccular,  but  afterward  becomes  granular.  But  if  the 
gel  is  dried,  turbidity  begins  to  appear  at  a  kC%  water  content.  It  has  been  stated 
above  that,  on  further  drying,  this  turbidity  again  disappears.  If  a  transparent  gel, 
obtained  in  this  way,  is  impregnated  with  benzene,  then  its  structure  at  this  time 
will  recall  a  honeycomb.  It  is  interesting  to  note  that  the  structure  of  a  gel  re¬ 
calling  a  honeycomb  begins  to  be  visible  only  at  this  middle  stage  of  filling  with 
liquid,  but  not  when  the  gel  is  either  dried  out,  or  is  in  a  strongly  swollen  state. 
This  fact  was  long  explained  by  the  difference  between  the  refractive  indexes  of  the 
air  filling  the  cavities  of  the  honeycomb  and  that  of  the  wet  wall  in  the  middle 
stage  of  dehydration.  There  are  rather  well-founded  objections  to  this  explanation. 
Owing  to  the  different  refractivity  of  the  dry  wall  and  the  air,  a  dried-out  gel 
should  appear  completely  white  and  opaque,  for  instance  like  kaolin,  which  has  a 
similar  structure. 

We  may  postulate  a  state  of  the  gel  in  which  water  and  water  vapor  is  nonuni- 
f ormly  distributed  in  it.  In  this  case,  the  appearance  of  turbidity  should  be  ob¬ 
served,  depending  on  the  difference  between  the  refractive  indices  of  the  vapor 
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and  liquid. 

By  assuming  such  a  distribution  of  liquid  water  and  water  vapor  in  the  gel,  the 
fact  that  the  Z  curve  in  Fig. J/l  lies  above  the  A  curve  may  be  explained.  It  was 
thought  previously  that  the  cells  of  the  gel  undergo  deformation  when  it  is  dried, 
and  that  this  deformation  is  not  eliminated  by  a  new  hydration,  so  that  a  higher 
pressure  is  now  required  to  fill  the  cells  to  their  former  state  of  filling.  Together 
with  this  explanation,  which  is  probably  true  in  part,  there  is  another  factor  that 
enters  into  the  situation.  The  liquid  meniscus  formed  when  the  liquid  rises  (path  Z) 
in  an  unwetted  capillary  tube  is  more  curved  them  the  meniscus  formed  by  the  liquid 
on  the  reverse  path  in  the  wetted  capillary  (path  A).  The  pressure  necessary  to  form 
a  curved  meniscus  is  higher  than  that  required  to  form  a  more  planarmeniscus . 

In  addition  to  the  capillary  lowering  of  the  vapor  pressure  on  the  formation  of 
the  meniscus,  there  is  also  undoubtedly  an  effect  of  the  lowering  of  vapor  pressure 
due  to  the  formation  of  a  hydrogen  bond  between  the  hydrogen  of  the  water  and  the 
oxygen  of  the  gel,  as  well  as  that  due  to  adsorption  of  the  water. 

Vifater  Glass 

The  preparation  of  pure  silicates  from  aqueous  solutions  is  impossible,  owing 
to  the  extremely  weak  acid  character  of  the  polysilicic  acids,  as  well  as  their  ten¬ 
dency  to  form  colloidal  solutions  and  to  precipitate  out  of  these  solutions  in  the 
form  of  gels.  Fresh  silicic  acid  gels  readily  dissolve  in  alkali  to  fora  silicates 
(Fibl.21). 

Alkaline  salts  may  be  prepared  by  fusing  silicon  dioxide  with  alkalies  or  car- 
'xmates,  but  in  this  case  the  carbonic  acid  is  only  partially  displaced  from  the 
carbonates  if  no  measures  are  taken  to  remove  it  from  the  surrounding  atmosphere; 
but  deep  decomposition  already  takes  place  when  these  melts  are  treated  with  water. 
Such  a  fused  silicate  (soluble  glass)  was  first  prepared  by  Van  Helmont  in  the  17th 
century.  Another  method  is  used  today  to  prepare  water  glass,  or  soluble  glass. 

Preparation  of  water  glass,  or  soluble  glass.  A  mixture  of  150  g  of  white  sand, 
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100  g  of  soda,  and  3  g  of  charcoal  is  ignited  at  a  high  temperature.  The  mass  so 
obtained  is  leached  with  water,  forming  a  heavy  si; apy  liquid  with  a  strongly  alka¬ 
line  reaction.  To  purify  it  in  the  laboratory,  the  water  glass  may  be  precipitated 
from  the  aqueous  solution  and  again  dissolved  in  water.  This  operation  is  repeated 
until  the  required  degree  of  purity  has  been  attained. 

Table  8 h  gives  the  composition  and 

Table  84 

properties  of  a  few  technical  samples 

Composition  and  Properties  of 

of  water  glass. 

Specimens  of  Water  Glass 


a) 

b) 

SIO, 

N»,D 

c) 

SIO, 

N«,l> 

d) 

1.235 

4,2 

4.06 

26,8 

1,325 

3.8 

3,68 

33.4 

1,375 

3.0 

2.92 

35.5 

1,39 

3.3 

3.21 

38,4 

1.42 

3.3 

3.21 

40.0 

1.5 

•2.0 

2.82 

44.5 

1.56. 

2,r> 

2.38 

46,7 

1.6 

2." 

1,05 

48,7 

1  .7 

2.0 

I  .Of* 

54.5 

&)  Specific  gravity;  bj  holar  ratio; 
c)  weight  ratio;  dj  Concentration  of 
solution  in  %  by  weight 


It  will  be  seen  from  this  table 
that  the  composition  of  water  glass 
does  not  correspond  to  the  formula 
Na^SiO^  by  which  it  is  usually  arbi¬ 
trarily  designated. 

It  is  hardly  possible  to  speak  of 
a  formula  for  water  glass  at  all.  The 
idea  that  it  is  a  colloidal  solution 
of  silicic  acid  peptized  by  caustic 
alkali  would  probably  be  more  accurate. 

On  standing,  water  glass  gradually 


absorbs  carbon  dioxide  from  the  air  and  forms  a  silicic  acid  gel.  The  deposition  of 

the  gel  also  takes  place  on  neutralization  with  acids,  on  addition  of  salts  like 

NH  Cl,  etc. 
h 

When  long  heated  with  water,  water  glass  may  be  completely  dissolved,  but  its 
solution  will  contain  mainly  silicic  acid  peptized  by  alkali,  together  with  free 
alkali.  Even  under  the  action  of  carbon  dioxide,  water  glass  is  completely  decom¬ 
posed,  and  silicic  acid  is  thrown  down.  When  subjected  to  the  action  of  heavy  met¬ 
als,  very  voluminous  slimy  precipitates  are  thrown  down,  containing  silicic  acid 
and  the  heavy  metal;  but  the  question  as  to  how  far  these  precipitates  really  do 
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consist  of  heavy-metal  silicates  instead  of  a  mixture  of  gels  of  silicic  acid  and 
heavy-metal  hydroxide  has  not  as  yet  been  investigated. 

Carborundum 

Carborundum  is  a  compound  of  silicon  and  carbon.  It  may  serve  as  an  example,  to 
some  extent,  of  the  stability  of  the  Si  -  C  bond. 

The  formation  of  silicon  carbide  by  the  reaction  between  silicon  and  carbon  has 
been  described  in  a  number  of  papers  (Bibl.22).  It  acquired  practical  importance, 
however,  only  after  it  was  prepared  by  Arecon  in  1890  in  an  attempt  to  crystallize 
carbon  by  dissolving  it  in  aluminum  silicate  on  heating  it  in  an  electric  arc  fur¬ 
nace.  The  product  obtained  was  called  carborundum,  since  it  was  considered  to  be  a 
compound  of  carbon  and  aluminum.  The  product  was  only  found  later  to  be  similar  in 
physical  and  chemical  properties  to  silicon  carbide.  A  number  of  patents  were  taken 
out  on  the  preparation  of  carborundum,  and  based  on  them  the  industrial  production 
of  this  extremely  important  artificial  abrasive  was  commenced  (Fdbl.23). 

Silicon  carbide  was  discovered  in  nature  by  Koissan  in  190^-1905,  who  found  it 
in  an  iron  meteorite,  separating  about  1A0  g  of  insoluble  residue  from  a  block 
weighing  183  kg  by  treating  it  with  various  acids.  In  this  residue  he  found  trans¬ 
parent  and  black  diamonds,  graphite,  and,  finally,  green  hexagonal  crystals  identi¬ 
cal  with  carborundum. 

Mixtures  of  bromofora  (sp.gr. 2. 9)  and  methyl  iodide  ( sp.gr. 3. M  were  used  to 
isolate  the  silicon  carbide  (Bibl.2lt.).  The  crystals  floated  in  a  mixture  of  sp.gr. 
3.2,  and  sank  in  a  mixture  of  sp.gr. 3;  they  did  not  bum  in  a  stream  of  oxygen  at 
1000°C. 

Although  silicon  combines  with  carbon  at  a  temperature  as  low  as  1200°C,  form¬ 
ing  an  amorphous  green  powier  of  silicon  carbide,  crystalline  carborundum  is  formed 
only  at  1950°C,  while  it  dissociates  at  22kO°C .  The  possibility  of  slow  formation 
of  carborundun  at  lower  temperatures ,  however,  is  still  not  excluded  (Bibl.25) . 

There  are  references  to  the  formation  of  carborundum  at  a  temperature  as  low  as 


F-TS-919VV 


717 


15^0°fl.  Carborundum  in  the  form  of  light  green  crystals  was  obtained  by  the  reac¬ 
tion  of  carbon  and  silicon  vapors  in  an  electric  arc  (Bibl.26). 

As  an  example  of  an  industrial  method  of  producing  carborundum,  a  method  that 
did  not  differ  fundamentally  from  the  modern  methods  may  be  given  (Bibl.27). 

Preparation  of  carborundum.  Carborundum  is  prepared  in  furnaces  built  of  re¬ 
fractory  brick  (dimensions  3  x  1.5  x  1.5  m).  The  short  walls  are  60  cm  thick  and 
carry  electrodes  each  consisting  of  60  carbon  rods  (size  of  the  rods,  75  x  750  ran), 
connected  with  the  feed  wires  through  copper  caps  fitting  into  the  openings  of 
square  copper  plates  attached  by  bolts  to  the  outside  of  the  walls.  Only  the  two 
short  walls  and  the  sole  of  the  furnace  are  stationary,  while  the  side  walls  are 
put  up  after  charging  and  taken  down  to  remove  the  product. 

During  charging,  the  furnace  is  half  filled  with  the  materials,  which  must  not 
come  in  contact  with  the  electrodes;  a  cylindrical  core  about  5\  cm  thick  is  then 
built  up  of  pieces  of  coke,  12-18  mm  in  size,  between  the  electrodes,  and  the  charg¬ 
ing  of  the  furnace  to  a  height  of  2*K  m  is  completed.  The  electric  current  passing 
through  the  coke  forms  numerous  arcs  producing  a  very  high  temperature .  The  percent¬ 
age  composition  of  the  charge  is  as  follows: 

Coke  3 K.2  Sawdust  9.9 

Sand  5  '.2  Salt  1.7 

The  salt  is  used  as  a  flux.  The  sawdust  increases  the  porosity,  thus  facili¬ 
tating  the  emission  of  the  carbon  monoxide  formed  by  the  reaction 

SiO,  +  2C - ►  Si  +  2CO 

Si  +  C  £2  SiC 

About  6  tons  of  carbon  monoxide  are  evolved  from  a  single  charge,  and  is 
burned  above  the  furnace. 

The  carborundum  is  taken  out  in  the  form  of  large  blocks,  which  are  first  bro- 
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l.en  up  and  washed  with  water  in  a  crusher,  then  heated  with  sulfuric  acid  (l  :  2) 
for  3  daps  at  10C°C,  and  then  washed  again  with  water.  The  carborundum  is  sized  by 
neans  of  screens •  and  the  finest  sizes  by  elutriation. 

'//hen  carborundum  is  produced  in  furnaces  similar  to  those  we  have  just  describ¬ 
ed.  a  layer  of  soft  graphite  is  formed  around  the  core.  Next  comes  a  layer  of  crys¬ 
talline  carborundum,  and,  last  of  all,  a  layer  of  amorphous  carbide. 

Pure  carborundum  is  colorless,  the  best  technical  grades  are  light  green,  while 
the  less  pure  grades  are  black.  The  crystals  are  most  often  hexagonal  plates.  The 
structure  of  the  crystal  lattice  of  carborundum  is  similar  to  that  of  the  diamond, 
but  half  the  total  number  of  carbon  atoms  in  it  have  been  replaced  by  silicon  atoms, 
the  interatomic  distance  Si  -  C  is  1.90  A. 

The  specific  gravity  of  carborundum  ranges  from  3*1716  to  3.21k,  depending  on 
the  content  of  impurities,  mainly  of  iron  silicide.  The  Kohs  hardness  of  carborundum 
is  about  9.5,  higher  than  that  of  corundum,  but  lower  than  the  hardness  of  the  dia¬ 
mond.  Diamond  scratches  carborundum,  cut  carborundum  scratches  certain  varieties  of 
the  diamond. 

The  electrical  conductivity  of  carborundum  is  low  at  ordinary  temperatures,  but 
rises  rapidly  on  heating.  It  has  no  magnetic  properties. 

Carborundum  possesses  veil'  high  chemical  resistance.  According  to  1'oiasan,  hy¬ 
drogen  nitrogen,  and  carbon  monoxide  do  not  act  on  carborundum;  oxygen  up  to 
1000°C  likewise  has  no  effect  on  carborundum;  air  begins  to  oxidize  it  between 
10C0°C  and  1350°C.  ./ater  vapor  and  carbon  diozide  act  only  at  their  dissociation 
temperatures ,  at  1773-1800°C.  The  action  of  chlorine  at  600°C  is  superficial,  while 
complete  decomposition  takes  place  at  1200°C.  Up  to  900°C,  SiCl  and  elementary  hy- 
drogen  are  formed,  and  at  1000-1100°C  CCl^  is  also  foraed.  The  vapor  of  HaCl  does 
not  act  on  carborundum  up  to  1000°C. 

Boiling  hydrochloric,  sulfuric  or  hydrofluoric  acids,  or  a  mixture  of  nitric 
and  hydrofluoric  acids,  all  fail  to  act  on  carborundum,  but  phosphoric  acid  of 
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sp.gr. 1.75,  on  heating  to  230°C  for  3  hours,  converts  It  Into  a  gel  (Bibl.28). 

When  silica  is  fused  with  carborundum  at  2000-2500°C,  elementary  silicon  is 
formed  (Bibl.29): 


2SiC  +  SiO* - *■  3Si  +  2CO 

Carborundum  forms  metallic  silicides:  with  copper  oxide  at  800°C,  with  iron  or 
nickel  oxide  at  1300°C,  with  manganese  oxide  at  1360°C,  and  with  chromium  oxide  at 
1370°C. 

Fused  caustic  alkalies,  carbonates , alkali-metal  sulfates,  borax,  calcium  or 
magnesium  oxide,  and  cryolite,  at  1000°C,  decompose  carborundum;  sodium  silicate  and 
lead  chromate  act  similarly.  Potassium  chlorate  and  nitrate,  on  the  other  hand,  have 
no  perceptible  action  on  carborundum  when  fused  with  it. 

HIGH-MOLECULAR  ORGANOSILICON  COMPOUNDS 

The  study  of  high-molecular  organosilicon  compounds  is  rather  complicated,  ow¬ 
ing  to  the  difficulty  of  isolating  them  in  the  chemically  pure  state. 

The  composition  and  structure  of  polymers  must  very  often  be  judged  on  the  ba¬ 
sis  of  a  study  of  the  chemical  processes  leading  to  their  formation,  and  of  the 
physico-chemical  properties  of  the  polymers. 

Present  views  on  the  mechanism  of  hydrolysis  and  condensation  of  the  hydrolysis 
products  are  completely  established  with  respect  to  the  esters  of  orthosilicic  acid, 
the  halosilanes,  the  alkyl-(aryl)-chlorosilanes,  and  the  alkyl-(aryl)-substituted 
esters  of  orthosilicic  acid,  provided  these  processes  take  place  with  insufficient 
water.  These  processes  have  been  discussed  in  the  relevant  Chapters.  In  this  Chap¬ 
ter  we  shall  present  considerations  on  the  general  principles  of  the  mechanism  of 
the  processes  of  formation  of  organosilicon  resins,  elastomers,  and  other  products. 

Resins  and  elastomers  are  formed  during  the  process  of  hydrolysis  or  cohydroly¬ 
sis  of  monomeric  organosilicon  compounds,  with  an  excess  of  water,  followed  by  con- 
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version  of  the  hydrolysis  products  into  high-molecular  substances  by  heating  or  the 
action  of  catalysts.  As  a  result  of  these  processes  the  composition  of  the  reacting 
molecules  is  modified;  when  the  monomeric  molecules  interact,  water  or  sane  other 
substance  is  given  off,  and  complex  compounds  are  formed. 

The  most  convenient  method  of  studying  the  processes  that  take  place  on  the 
formation  of  polyorganosiloxanes  during  the  hydrolysis  of  alkyl-(aryl)-chlorosilanes 
or  substituted  esters  of  orthosilicic  acid  is  to  conduct  the  hydrolysis  by  the  ac¬ 
tion  of  water  in  a  quantity  insufficient  to  complete  the  reaction.  This  method, 
first  used  in  1938  to  study  the  mechanism  of  hydrolysis  of  alkyltriethoxysilanes 
(Bibl.30),  and  later  for  dialky ldiethoxysilanes  (Bibl.3l),  has  enabled  us  to  estab¬ 
lish  the  fact  that  when  an  organosilicon  compound  reacts  with  an  insufficient  quan¬ 
tity  of  water,  the  following  reaction  takes  place  at  the  initial  instant: 


R\  sx 
R'/  N>h 


(1) 


where  R  ■*  a  radical 

Rf  *  a  radical,  alkoxy  or  other  group: 

X  -  a  functional  group  (alkoxy  group  or  halogen). 

The  hydrolysis  is  accompanied  by  immediate  condensation,  forming  the  siloxane 

bond: 


RR'SiXOH  +  HOXSiRR'  -  RR'XSi-O^-SiXRR'  +  H*0  (2) 

Continuation  of  the  process  of  partial  hydrolysis  and  stepwise  condensation 
leads  to  the  formation  of  a  polyorganosiloxane  of  predominantly  linear  structure: 

RR'XSiOSiXRR'  +  H»0 - '  RR'XSiOSiRR'-OH  +  HX  (3) 

R 

’RR'XSiOSiRR'OH  +  HOSiXRR' - »  RR'XSiO^iOSiRR'X  +  H*0  ^ ^ 
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etc.  The  reaction  product  of  the  partial  hydrolysis  is  a  mixture  of  polyorganosilox- 
anes,  homologous  polymers  of  the  general  formula  X(RR'SiO)xSiRR'X,  terminated  by 
functional  groups. 

This  mechanism  of  the  partial  hydrolysis  of  dialky ldiethoxysilanes  and  alkyl- 
triethoxysilanes  has  been  completely  confirmed  by  investigations  of  the  process  of 
hydrolysis  of  dimathyldiethoxysilane  and  aethyltriethoxysilane  (Bibl.32),  and  also 
of  dimethyldichlorosilane  (Bibl.33),  SiCl^  (Bibl.34),  and  orthosilicic  acid  esters 
(Bibl.35).  When  1  mol  of  dimathyldiethoxysilane  reacts  with  0.75  mol  of  water  in  an 
alkaline  mediun,  the  reaction  product  is  a  mixture  of  polydimethyls iloxanes  of  the 
general  formula 


The  functional  groups  in  the  products  of  partial  hydrolysis  retain  their  chem¬ 
ical  nature.  For  example,  the  chlorine  atom,  under  the  action  of  ethylene  oxide, 
readily  forms  chloroethoxy  group. 

CKSiRjOJjSiRjCI  +  201,01,0  - -  CICH.CH,0(SiR,0),SiR/X;H,CH,CI 


Like  the  corresponding  reaction  of  the  alkylchlorosilanes ,  the  process  proceeds  to 
completion  at  a  temperature  of  50-60°C. 

A  study  of  the  velocity  and  thermal  effect  of  the  reaction  of  hydrolysis  with 
excess  of  mater  enabled  me  to  establish  (Bibl.36)  that,  in  contrast  to  hydrolysis 
in  a  nonaqueous  aediisi  by  Insufficient  water,  leading  to  the  reactions  of  partial 
hydrolysis  and  stepwise  condensation,  complete  hydrolysis  takes  place  at  the  very 
beginning  of  the  process,  with  hydrolysis  by  an  excess  of  water,  and  is  accompanied 
by  almost  simultaneous  formation  of  all  the  hydroxyls . 

Comparison  of  the  properties  of  various  classes  of  organic  and  organosilicon 
compounds  containing  oxygen  shows  that  such  organosilicon  compounds  are  distinguish- 
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ed  by  an  incomparably  greater  tendency  to  polymerization.  While  the  aldehydes,  SC.  , 

and  the  ketones,  R  C  «  0  are  substances  that  are  completely  stable  in  the  monomeric 
2 

form,  the  corresponding  organosilicon  compounds,  RSi^  and  R.Si  *  0  have  not  yet 

0  4 

been  isolated  in  the  monomeric  form,  but  are  well  known  in  the  form  of  elementary 

units  (structural  units)  of  the  molecular  chains  of  polyorganosiloxanes . 

Study  of  mass-spectrograms  obtained  in  the  analysis  of  the  cleavage  products  of 

octamethylcyclotetrasiloxane  (CH^JgSiO^  and  of  a  polydlmethylsiloxane  elastomer  has  - 

established  the  formation,  in  the  ionization  chamber  of  the  mass  spectrometer,  of 

considerable  quantities  of  dimethylsilicone  (CH  )  SiO*  and  its  dimer  [(CH  )  SiO]*. 

3  2  3  2  2 

This  was  the  first  confirmation  of  their  existence.  Without  mentioning  all  the  frag¬ 
ments  so  obtained,  I  shall  point  out  only  those  that  characterize  the  cleavage  of 
the  siloxane  bond  of  the  polymer.  Their  quantities  are  given  in  percent  of  the  total 
quantity  of  cleavage  products  obtained  in  the  given  experiment. 


Compounds  isolated  on  analysis 
of  cleavage  products  of  tetramer 


Content  in  percent  of  total 
cleavage  products 


(CH,),SiO+ 

l(CH,)iSiO,)+ 

|(CH,),SiO],+ 

KCH.hSiOl}' 


а, 2 

5,6 

б. 2 


Fragments  of  the  tetramer,  in  various  stages  of  dehydrogenation,  were  also 
found. 

The  polydlmethylsiloxane  elastomer  was  taken  in  two  forms:  in  its  original 

state  and  in  the  form  of  a  vulcanized  resin  with  TiO  as  a  filler.  A  study  of  the 

2 

resin  on  the  mass  spectrometer  established  the  presence  of  the  following  compounds: 


723 


Content  at 

150°C 

% 

Content  at 
250°C 
% 

(CH,),SiO+  .... 

4.9 

3,0 

|<CH,fcSiO]J  .... 

:i,7 

4.2 

(SiO)3+  .... 

.  .  2.9 

2,6 

(SiO)4+  .... 

.  .  2,5 

3.6 

Analysis  of  the  original  elastomer  gave  about  the  same  picture.  Consequently 
the  cleavage  of  the  tetramer  and  the  elastomer  proceeds  by  the  elementary  units  of 
the  main  structural  unit  of  the  polymer  chain.  From  1  to  K  members  are  detached  in 
the  elastomer.  Three  and  four  members  immediately  combine  into  a  ring  to  form  the 
trimer  and  tetramer,  and  in  the  ionization  chamber  they  are  deprived  of  the  methyl 
radicals. 

On  the  mass-spectrographic  analysis,  at  200°C,  of  a  polydimethylphenylsiloxane 
resin  whose  molecules  consist  of  the  units: 

<;h,  o 
-ii— o— ii— 

<:h,  iiH, 

I  was  able  to  detect  the  following  particles  (5ibl.37): 

(CH^SiO*  4.2 

C^SiO^  4.6 

On  cleavage  of  polydiethylsiloxane,  diethylsilanone,  (C^^iO*,  is  formed; 
on  cleavage  of  polydibutyisiloxane,  dibutylsilanone,  (C^Hq^SiO  ;  on  cleavage  of 
diamylsiloxane.  diamylailanone,  (C^H^J^iO*. 

The  hydroxyl  derivatives  of  carbon,  containing  a  single  OH  group  attached  to 
the  carbon  atom,  for  instance  the  alcohols,  are  stable  substances.  The  correspond¬ 
ing  organosilicon  compounds,  the  silanols  (for  instance,  the  trialkylsilanols),  are, 
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in  contrast,  unstable  compounds,  and  often  condense  into  siloxanes  at  the  very  in¬ 
stant  of  their  formation. 

It  has  not  been  possible  to  prepare  compounds  with  two  OH  groups  attached  to  a 
single  carbon  atom,  since  aldehydes  or  ketones  are  formed  instead. 

Silicon,  in  contrast  to  carbon,  is  able  to  hold  two  hydroxyl  groups  or  more,  as 
is  confirmed  by  the  existence  of  orthosilicic  acid,  Si(OH),  ,  in  aqueous  solutions 
(Bibl.8),  and  still  more  by  the  preparation  of  dialkyl-(diaryl)-silanediols,  as  well 
as  that  of  phenylsilanetriol  and  dichlorophenylsilanetriol  in  the  free  state.  The 
cleavage  of  water  from  the  molecules  of  the  dialky l-(diaryl)-siloxanes,  in  contrast 
to  organic  compounds,  results  in  the  formation,  not  of  monomeric  products  but  of 
polymeric  ones,  the  polyorganosiloxanes. 

Organic  compounds  with  three  hydroxyl  groups  attached  to  a  single  carbon  atom 
split  off  water  to  form  organic  monomeric  acids  RCOOH  (chloral  hydrate,  Cl^CC(OH)^, 
is  an  exception).  The  alkyltrisilanols  possess  a  tendency  still  greater  (than  the 
mono-  and  dihydroxy  compounds)  to  form  complex  polymeric  molecules. 

Taking  account  of  the  formation  of  dialkylsilanones  and  RSiOO*  particles  ob¬ 
served  on  the  cleavage  of  polyorganosiloxanes,  and  also  taking  account  of  other  ex¬ 
perimental  data,  the  following  basic  hypotheses  may  be  advanced,  defining  the  mech¬ 
anism  of  the  process  of  complete  hydrolysis  of  organosilicon  compounds  and  of  their 
conversion  into  high-molecular  products. 

The  RR’SiXOH  (cf. Reaction  (I))  formed  at  the  initial  instant  of  the  hydrolysis 
of  a  dialky lhalodisilane ,  a  dialky lchlorohydroxysilane,  or  a  dialky lalkoxy hydroxy- 
silane,  may  then  react  either  according  to  the  pattern  of  stepwise  condensation  (2) 
or  according  to  the  pattern  of  complete  hydrolysis  (5): 

RR  'SI  XOH  +  H|0 - *  RR  'Si(OH),  +  HX  (  5  ) 

The  unstable  intermediate  product  of  the  reaction,  the  dialky lsilanol,  is  capa¬ 
ble  of  entering  into  a  reaction  of  stepwise  intermolecular  condensation  to  form  a 
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linear  dihydroxypolyorganosiloxane : 

2RRSi(OH),  —  >  RRSi(OH)— 0-SiRR(0H)+H*0 
,/RSi(OH)()SiRR(OH)  +{HO)jSiRR  ■  -*  RRSi(OH)OSiRROSiRR(OH)  +  H^O  etc.  (6) 

or  the  reaction  of  intramolecular  dehydration: 

RRSi(OH), - *•  RRSi-0  +  H,0  (7) 

The  unstable  monomer  formed  is  immediately1  polymerized,  giving  a  mixture  of  cyclic 
low-molecular  or  high-molecular  polydialky lsiloxanes: 

*RRSi=0 - ►  (RRSi— O),  (g) 

Thus  there  may  in  fact  be  two  competing  directions  for  the  reaction: 

A.  Stepwise  condensation  of  the  products  of  complete  or  incomplete  hydrolysis, 
leading  to  the  formation  of  polymers  of  linear  structure  (cf.  Reactions  (2)  to  (6)). 

B.  Intramolecular  dehydration  of  the  products  of  complete  hydrolysis,  forming 
unstable  monomeric  dialky l-(diaryl)-silanones,  which  polymerize  immediately,  giving 
a  mixture  of  cyclical  low-molecular  and  high-molecular  polyorganosiloxanes  (cf. 
Reactions  (7)  and  (8)). 

Under  the  conditions  of  partial  hydrolysis,  as  a  rule,  the  reaction  proceeds 
only  according  to  scheme  A.  With  complete  hydrolysis,  both  competing  directions  A 
and  B  take  place,  and,  according  to  the  conditions,  the  reaction  may  be  directed 
mainly  either  by  pattern  A,  in  which  case  the  cyclization  is  held  to  a  minimum,  or 
mainly  by  pattern  B,  in  which  case  the  products  will  be  predominantly  cyclic  poly¬ 
mers.  Examples  to  illustrate  the  influence  of  the  reaction  conditions  on  the  pre¬ 
dominance  of  one  of  these  patterns  or  the  other  will  be  discussed  in  detail  below. 
The  experimental  data  on  the  hydrolysis  of  various  organosilicon  compounds  are  in 
agreement  with  this  system,  although  the  definitive  elucidation  of  the  mechanism  of 
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the  process  does  involve  a  number  of  serious  difficulties,  due  to  the  exceptional 
activity  of  monomeric  organosilicon  oxygen-containing  compounds  in  the  reactions  of 
condensation  and  polymerization. 

There  are  two  facts  that  confirm  the  view  that  the  process  of  formation  of 
high-polymer  organosilicon  compounds  includes  not  only  reactions  of  condensation  but 
also  reactions  of  polymerization. 

On  the  hydrolysis  of  trifunctional  organosilicon  monomers  in  a  strongly  acid 
medium,  in  the  presence  of  a  solvent,  the  formation  of  polymers  with  rings  in  their 
structure  is  observed.  The  possibility  of  the  formation  of  cross-linked  polymer 
molecules  from  cyclic  polymer  molecules  depends  on  the  size  of  the  organic  radical. 
With  increasing  size  of  the  organic  radical,  the  predominance  of  intramolecular  con¬ 
densation  is  observed,  owing  to  the  steric  hindrance  connected  with  the  large  di¬ 
mensions  of  the  organic  radical.  The  reaction  of  hydrolysis  and  condensation  of  tri¬ 
functional  monomers  may  be  represented  as  follows: 


KSiCl, 


+H/3 


-H.O 


RSi(OH), - ►  RSiO(OH) 


^lywiriutim 


R^yOH 

SI 

/  \ 


<< 


K  on 
Si 

/  \ 

/  \ 
O 


[R8iO(OH)|, 


Rv/OH 


cwAllMtiM 


-H.O 


Si 

/  \ 

\  /  \  /  \ 

()  O  O  o  o 

' v  i  i  /R  Rv  I  I  |  i  / 

NSi  SK  NSi  Si/  '"Si  Si/ 

/\  /\  /\  /\  /\  /\ 

HO  O  O  O  O  O  OH 


K 


A  polymeric  molecule  with  hydroxyl  groups  in  its  cyclic  units  is  capable  of 
the  reactions  both  of  intramolecular  and  intermolecular  condensation  with  cleavage 
of  water.  In  the  former  case,  with  the  intramolecular  cleavage  of  water,  the  tran¬ 
sition  of  the  polymer  to  an  infusible,  insoluble  state  should  be  observed . 

The  predominance  of  one  or  the  other  of  these  reactions  largely  depends  on  the 
size  of  the  organic  radical  attached  to  the  silicon  atom.  In  the  case  of  an  aromatic 
nucleus,  which  creates  steric  hindrance  to  intermolecular  condensation,  the  rate  of 
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transition  of  the  polymer  into  an  infusible,  insoluble  state  will  be  slowed.  This 
explanation  is  confirmed  by  the  fact  that  polymethylsiloxane  resins  pass  over  con¬ 
siderably  faster  into  an  infusible,  insoluble  state  than  polypheny lsiloxane  resins 
of  the  same  functionality,  ana  prepared  under  identical  conditions. 

Thus,  on  the  hydrolysis  of  trifunctional  compounds  in  an  acid  medium,  in  the 
presence  of  indifferent  solvents,  we  observe  the  formation  of  polymer  chains  con¬ 
taining  rings. 

When  high-molecular  polyorganosiloxanes  are  heated  to  UOO°C ,  processes  of  ther¬ 
mal  rearrangement  take  place:  the  siloxane  chain  of  the  polymer  molecule  is  broken 
down,  and  volatile  low-molecular  polydialky l-( aryl )-siloxanes  are  liberated,  mainly 
trisiloxane  (R^SiO)^.  The  composition  of  the  structural  unit  is  preserved,  and  thus 
we  have  here  a  typical  process  of  depolymerization. 

The  reaction  of  depolymerization  has  been  investigated  on  the  example  of  poly- 
dimethy lsiloxane,  prepared  by  hydrolysis  of  dimethyldichlorosilane  and  followed  by 
distillation  to  remove  the  volatile  low-molecular  polymers  (Bibl.33),  and  also  on 
the  example  of  polydipheny lsiloxane  (in  the  latter  case  the  process  was  run  in 
vacuo,  and  the  hexaphenyltrisiloxane  was  distilled  off). 

The  reaction  of  depolymerization  of  polymethylsiloxane  prepared  by  hydrolysis 
of  methyldichlorosilane,  CH^SiHClg,  has  recently  been  described.  The  reaction  prod¬ 
uct  is  trimethylhydroxycyclotrisiloxane,  (CH^SiHO)^. 

In  the  presence  of  a  1$  solution  ol  alkali  at  300°C,  the  depolymerization  re¬ 
action  of  a  polyorganosiloxane  consisting  of  mono-  and  bifunctional  structural  units 
may  likewise  be  conducted.  In  this  case  the  reaction  product  is  a  polydialky lcyclo- 
siloxane  (RRnSiO)x,  where  x  *  3  or  U. 

The  presence  of  a  monomeric  dimethylsilanone  in  the  cleavage  products  of  poly- 
dimethylsiloxane  was  discovered  when  it  was  heated  to  250°C  (under  residual  pres¬ 
sure  of  1C^  ram  Hg)  and  the  reaction  products  were  conducted  to  the  ionization  cham¬ 
ber  of  a  mass  spectrometer. 
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Taking  account  of  the  existence  of  a  monomeric  dimethylsilanone  (Bibl.37),  it 
may  be  assumed  that  on  heating  of  a  high-molecular  polyorganosiloxane .  its  depoly¬ 
merization  first  occurs,  forming  an  unstable  monomeric  dimethylsilanone  R^SiO,  which 
immediately  polymerizes;  thus  forming  a  mixture  of  cyclical  polydialkylsiloxanes , 
from  which  the  low-boiling  compounds  are  removed  from  the  sphere  of  the  reaction  by 
being  distilled  off,  while  the  high-boiling  compounds  are  again  depolymerized ,  so 
that  the  end  products  of  the  reaction  consist  only  of  low-molecular  compounds. 

The  existence,  alongside  of  the  condensation  processes  in  the  formation  of 
polyorganosiloxanes,  of  polymerization  processes  as  well,  is  confirmed  by  the  high 
polydispersion  of  the  products.  On  fractionation  of  a  polydimethylsiloxane  by  frac¬ 
tional  precipitation  from  a  solution  in  ethyl  acetate  and  acetone  (Eibl.39),  five 
fractions  were  obtained,  whose  molecular  weights,  osmometrically  determined,  ranged, 
according  to  Scott,  from  2.9  x  10^,  for  the  second  fraction,  to  2.8  x  10^,  for  the 
fifth.  Thus  the  coefficient  of  polydispersion  for  the  polymer  as  a  whole  exceeds  10. 
On  fractionating  a  polyethylsiloxane  elastomer,  I  obtained  a  distribution  curve  in¬ 
dicating  a  still  higher  degree  of  polydispersion  (Bibl.36).  According  to  data  of 
A.Ya. Korolev,  K. A. Andrianov,  et  al  (Bibl.40),  the  polydispersion  determined  in  a 
polydimethylsiloxane  with  the  average  molecular  weight  of  74,000,  is  very  high.  The 
molecular  weight  of  individual  fractions  of  this  polymer  ranged  from  21,000  to 
1,290,000  (Table  85). 

The  differential  distribution  curve  by  molecular  weight  is  found  to  be  strongly 
blurred.  The  ratio  of  the  molecular  weight  of  the  highest  molecular  fraction  to  the 
lowest  molecular  fraction  is  61.4.  Two  maxima  are  also  observed  on  the  differential 
distribution  curve. 

A  study  of  the  structure  of  linear  polydimethyls iloxanes  and  an  investigation 
of  their  molecular  weight,  determined  viscosimetrically,  osmometrically,  and  by  the 
diffusion  method,  allowed  evaluation  of  the  degree  of  asynmetry  of  the  molecule  and 
calculation  of  it.g  absolute  dimensions.  With  increasing  muieculai  weight  o±  the 
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fraction,  the  degree  of  asymmetry  of  the  molecules,  that  is,  the  ratio  between  the 
samiaxes  of  the  asymnetric  macromolecule,  varies  (Bibl.40)  over  the  range  from  9.6 

to  53.2.  Thus,  in  the  polydimethylsil- 
oxane  elastomer,  with  increase  of  molec¬ 
ular  weight  from  21, OCX)  to  1,290,000, 
the  major  axis  of  the  macro-increases 
12.3  times,  while  the  minor  axis  in¬ 
creases  only  2.2  times.  This  shows  that 
the  increasing  molecular  weight  of  the 
fraction  is  connected  with  the  increased 
degree  of  asynmetry,  and,  consequently, 
with  the  growth  of  the  molecules  primar¬ 
ily  along  the  long  axis. 

Rochow  (Bibl.41)  made  an  electron- 
microscope  study  of  the  molecular  weight  of  a  polydimethylsiloxane  elastomer  (under 
100,000  enlargement)  and  concluded  that  the  molecules  were  large.  But  these  data  of 
Rochow  cannot  be  considered  entirely  reliable,  owing  to  the  blurring  of  the  bounda¬ 
ries  of  the  observed  particles  and  the  difficulty  of  precisely  determining  their  ac¬ 
tual  dimensions  from  the  micrograms  obtained. 

It  has  been  noted  in  the  literature  (Bibl.42)  that  the  coefficient  of  polydis¬ 
persion  for  rubbers  amounts  to  5  -  7,  but  that  it  is  considerably  less  for  conden¬ 
sation  polymers.  For  organosiloxanes,  formed  by  a  combined  polymerization-condensa¬ 
tion  process,  a  high  degree  of  polydispersion  is  a  natural  consequence  of  the  two 
reactions  proceeding  simultaneously. 

The  data  we  have  presented  confirm  the  correctness  of  our  hypothesis  that  poly¬ 
merization  reactions  play  a  substantial  role  in  the  formation  of  polyorganosiloxane3, 
alongside  of  condensation  reactions. 

Let  us  consider  the  conditions  influencing  the  predominant  direction  of  the 


Table  85 

Composition  of  Polymethyldisiloxane 
with  the  Average  Molecular  Weight  of 
74,000 


a) 

b) 

c-) 

<0 

1 

14,3 

1  290000 

1  Elastic 

2 

12.8 

408000 

Plastic 

3 

30,6 

144  000 

Very  plastic 

4 

5 

18,4 

24,3 

87000 
21  000 

Viscous  liqu: 
Viscous  liqu: 

a)  Number  of  fraction;  b)  Held, % 
c)  Molecular  Weight;  d)  Form  of  product 
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process  in  either  the  pattern  of  stepwise  condensation  (A)  or  the  pattern  of  intra¬ 
molecular  dehydration  and  polymerization  (B). 

The  principal  factors  resulting  in  the  predominance  of  one  or  the  other  of 
these  two  competing  reactions,  are  the  acidity  of  the  medium  and  the  presence  of 
solvents. 

On  the  complete  hydrolysis  of  bifunctional  compounds  in  a  neutral  or  alkaline 
medium  (for  alkylchlorosilanes,  in  the  presence  of  higher  alcohols),  linear  poly¬ 
dialky  lsiloxanes  of  relatively  high  molecular  weight  are  for  the  most  part  formed. 
The  presence  of  alkoxyl  groups  as  the  end  «  groups  is  characteristic  for  the  products 
of  hydrolysis  of  the  substituted  esters,  while  the  presence  of  hydroxyl  groups  as 
end  groups  is  characteristic  for  the  products  of  hydrolysis  of  the  alkylchlorosil¬ 
anes  (Bibl.43). 

The  yield  of  low-molecular  cyclic  polysiloxanes  is  low  under  these  conditions, 
which  is  evidence  of  the  predominance  of  the  stepwise  condensation  reactions. 

* 

Such  a  course  of  the  process  of  hydrolysis  may  be  explained  by  the  blocking 
of  a  certain  number  of  functional  groups  by  metal  ions,  in  the  presence  of  alkali, 
as  follows: 


-O-SlRr-OH  +  NaOH - *  — O-SIR/DN*  +  H*0 

and,  in  the  case  of  alkylchlorosilanes,  as  follows: 

— O— SiRi— Cl  +  2N*OH - -  — O— SiR,ON*  +H|0  +  NaCI 

*  The  possibility  of  blocking  reactive  groups  by  metallic  ions  is  confirmed  by  the 
fact  that  on  the  reaction  of  alkyltriethoxysilanes  with  concentrated  alkalies, 
compounds  containing  one,  two  or  three  blocked  hydroxyl  groups  have  been  obtained 
(Bibl.36): 
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The  grouping  so  formed  is  relatively  stable,  since  the  oxysodium  group  is  hy¬ 
drolyzed  only  slowly  in  an  alkaline  medium.  On  the  hydrolysis  of  alkylchlorosilanes 
in  the  presence  of  alcohols,  alkoxyl  groups  are  similarly  formed: 


R  R 

— Si — Cl  +  R'OH - »  -il-OR'  +  HCI 

l  l 

which  are  likewise  relatively  stable,  since  the  hydrolysis  of  the  substituted  esters 
(and  in  particular  the  completion  of  such  hydrolysis)  requires  conditions  consider* 
ably  more  drastic  than  those  demanded  by  the  process  of  complete  hydrolysis  of  the 
alkylchlorosilanes . 

The  existence  of  relatively  stable  blocked  functional  groups  at  the  instant  of 
tiydro lysis  reduces  the  quantity  of  the  intermediate  products  of  complete  hydrolysis, 
namely  the  dialkylsilanediols,  so  that  the  probability  of  the  reaction  of  intramo¬ 
lecular  dehydration  may  be  considerably  diminished.  But  the  reaction  of  intramolecu¬ 
lar  dehydration  proceeds  even  in  these  cases,  since  the  reaction  mixtures  always 
contain  cyclic  polymerization  products. 

Thus,  for  instance,  on  hydrolysis  of  dimethyldichlorosilane  by  6N  aamonia  solu¬ 
tion,  the  yield  of  low-molecular  cyclical  products  is  reduced  to  20%  (against  57% 
on  hydrolysis  in  an  acid  mediiai). 

The  nuaber  of  papers  devoted  to  the  investigation  of  the  process  of  complete 
hydrolysis  in  a  neutral  or  alkaline  medius  is  very  small,  which  is  obviously  due  to 
the  difficulty  of  isolating  and  studying  the  high-polymer  reaction  products.  The 
most  convenient  approach  to  the  consideration  of  this  coaplax  process  is  by  ccnpar- 
ing  the  properties  of  the  polymers  formed  on  hydrolysis  with  water  in  various  quan¬ 
tities  close  to  the  theoretical.  Such  an  investigation  (very  much  simplified)  has 
been  performed  on  the  hydrolysis  of  dlmethyldlethoxysilane  (Bibl.U,). 

Polymers  prepared  by  the  hydrolysis  of  dimethyldiethojysilane  by  water,  in 
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quantities  from  0*921  to  1*072  mol  per  mol  of  dimet hyldiet hoxysilane ,  were  frac¬ 
tionally  distilled  in  vacuo  to  separate  the  volatile  portion  from  the  nonvolatile, 
and  to  investigate  these  portions  and  the  quantitative  relation  between  the  charac¬ 
teristics  of  each  separate  portion. 

The  results  of  the  work  show  that,  with  increasing  quantity  of  water  entering 
into  the  reaction,  there  is  a  decrease  in  the  relative  quantity  of  the  volatile  por¬ 
tion,  which  evidently  consists  of  the  low-molecular  products  of  incomplete  hydroly¬ 
sis,  and  a  sharp  fall  in  the  number  of  ethoxy  groups  in  both  volatile  and  nonvola¬ 
tile  portions,  which  indicates  that  the  hydrolytic  processes  have  on  the  whole  been 
completed.  The  refractive  index,  the  denaity,  and,  in  particular,  the  molecular 
weight  and  viscosity  of  the  nonvolatile  portion  of  the  polymer  increase  sharply, 
which  Indicates  that  the  processes  of  condensation  have  on  the  whole  been  completed, 
and  also  indicates  that  the  process  of  coexists  hydrolysis  under  the  action  of  water 
in  quantities  over  1  mol  obviously  proceeds  in  the  direction  of  the  formation  of 
linear  polymers  of  molecular  weight  over  20,000,  with  ethoxy  groups  (0.5^)  at  the 
ends.  The  number  of  ethoxy  groups  in  the  volatile  portion  also  decreases  sharply, 
but  the  percentage  of  the  volatile  portion  still  remains  rather  high  (121*),  which 
points  to  the  existence  of  a  cyclisation  reaction.  It  may  thus  be  concluded,  on  the 
basis  of  the  experimental  data,  that  the  process  of  complete  hydrolysis  of  dimethyl- 
diet  hojysilane  in  an  alkaline  medium  proceeds  primarily  by  Scheme  (A),  and  that  the 
reactions  of  intramolecular  dehydration  and  polymerisation  (B)  are  of  secondary  im¬ 
portance. 

The  course  of  the  process  of  hydrolysis  in  an  acid  medium  differs  substantial¬ 
ly  from  the  process  of  hydrolysis  just  discussed.  Both  in  the  case  of  the  substi¬ 
tuted  esters  of  orthosilicic  acid  (hydrolysis  in  presence  of  acid),  and  in  the  case 
of  the  alkyl-(aryl)chlorosilanes  (hydrolysis  by  water  without  neutralization  of  the 
HC1),  the  process  of  complete  hydrolysis  leads  to  the  formation,  mainly  or  entirely, 
of  cyclic  polydialky lsiloxanes  of  low  molecular  weight. 
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A  number  of  cyclic  polydiet hylailoxanes,  [Si(C  H  )  0]  ,  have  been  detected  in 

^  ^  X 

the  products  of  complete  hydrolysis  of  diethyldiethoxysilane  in  an  acid  medium 
(Bibl.38). 

When  dimethyldiethoxysilane  is  hydrolyzed  by  aqueous  ethyl  alcohol  in  the  pres¬ 


ence  of  HC1,  the  principal  product  is  a  mixture  of  cyclic  dimethylsiloxanes, 


[Si(CH_)-0]  ;  polymers  with  A  to  12  silicon  atoms  in  the  ring  have  been  isolated  and 

✓  ^  X 

studied  (Bibl.A5). 

Various  dialkyl-(diaryl)-dichlorosilanes,  on  hydrolysis  with  water  (without) 

neutralization  of  the  HC1  liberated), 
yield  the  low-molecular  cyclical  poly- 


Table  86 

field  of  Cyclic  Polysiloxanes  on 
Hydrolysis  of  Various  Diorgano- 


dichlorosilanes 


b) 

% 

<0 

O 

1 

1 

(CH,),siat 

57 

4 

ft.  3  (•  9 

Ctf(CH,SiCI, 

90 

3 

4,5«W6 

(CttbSlCI, 

62 

3 

4 

C.H.CH.SiCI, 

78 

3  I 

4 

C,H,C,H,SiCI, 

77.5 

3 

4 

a)Alkylohlorosilane  formula;  b)  Held  of 
crolio  polysiloxanes;  o)  Number  of  Si  Atoms; 
d)  in  principal  compound;  e)in  split-off 


siloxanes  indicated  in  Table  86, 

It  will  be  seen  from  the  data  pre¬ 
sented  that,  on  hydrolysis  in  an  acid 
medium,  low-molecular  cyclic  polyorgano- 
siloxanes  are  mainly  formed.  We  may 
point  out  that  with  increasing  acidity 
of  the  medium  the  yield  of  low-molecular 
cyclic  compounds  increases  (Bibl.33). 
Thus,  for  example,  when  dlmethyldichlo- 


ro silane  is  hydrolyzed,  not  by  water 
but  by  6N  HC1,  the  yield  of  cyclic  products  increases  from  57  to  71%> 

As  already  pointed  out,  the  presence  of  an  inert  solvent  exerts  a  great  influ¬ 


ence  on  the  course  of  the  process  of  cosplste  hydrolysis.  Thus,  when  water  acts  on 


a  solution  of  dlmethyldichlorosilane  in  1  to  2  parts  by  volvmw  of  other,  the  yield 
of  cyclic  low  molecular  polymers  increases  to  97-99%,  Obviously,  in  the  presence 
of  an  inert  solvent,  the  individual  molecules  are  further  apart,  so  that  the  proba¬ 


bility  of  effective  collisions  between  them,  and  of  the  reaction  of  intenaolecular 
condensation,  diminishes.  There  is,  accordingly,  a  considerable  increase  in  the 


m 
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probability  of  the  competing  reaction  of  intramolecular  dehydration  and  formation 
of  a  monomeric  dialky lsiloxane ,  which  immediately  polymerizes,  mainly  yielding  a 
mixture  of  cyclic  polydialkylsiloxanes  of  low  molecular  weight. 

In  this  way,  the  proposed  mechanism  of  the  reaction  on  hydrolysis  in  an  excess 
of  water  allows  explanation  of  the  experimental  data  indicating  the  formation  of 
considerable  quantities  of  low-molecular  polydialky lcyclosiloxanes  in  acid  medium, 
and  also  in  the  presence  of  inert  solvents. 

A  combined  condensation-polymerization  process  of  conversion  of  organohydroxy- 
silanes  into  polyorganoslloxanes  takes  place  not  only  in  bifunctional  systems,  but 
also  in  systems  with  a  higher  functionality  (cohydrolysis  of  and  R'SiX^).  As 

in  bifunctional  systems,  here,  too,  according  to  the  conditions,  the  process  may 
proceed  either  in  the  direction  of  stepwise  hydrolysis  and  condensation,  forming 
high-molecular  polymers  of  cross-linked  structure,  or  in  the  direction  of  the  forma¬ 
tion  of  cross-linked  rings  of  lower  molecular  weight. 

The  process  of  foxmation  of  cross-linked  polymers  is  extramely  complicated,  so 
that  no  works  devoted  to  the  investigation  of  the  reaction  conditions  of  hydrolysis 
and  their  influence  on  the  structure  of  the  polymer  have  yet  been  published  in  the 
literature.  It  may,  however,  be  said  without  doubt  that  the  questions  of  the  block¬ 
ing  of  reactive  groups  by  metallic  ions  or  by  alkoxy  groups  are  of  no  less  impor¬ 
tance  for  the  trifunctiorv _  compounds  than  for  bifunctional  ones,  and  that  the  prop¬ 
erties  of  the  hydrolysis  product  depend  to  an  even  greater  extent  on  the  acidity  of 
the  mediimi,  and,  in  particular,  on  the  presence  of  higher  alcohols  during  the  pro¬ 
cess  of  hydrolysis. 

If  the  condensation  of  the  hydrolysis  product  is  conducted  by  heating  it  and 
simultaneously  blowing  air  through  it,  the  process  of  formation  of  polyorganosilox- 
anes  may  be  still  further  complicated  by  the  additional  reaction  of  oxidation  of 
the  organic  radical,  followed  by  formation  of  a  siloxane  bridge,  cross-linking  the 
molecular  chains: 
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— RjSiO-SiR-O— SiR 

I 

R 


-RtSiO— SiR-OSiR.- 


o. 


R 

RjSiO— LrO— SiR*— 


o 


— RiSiO 


— liRO — SiR2— 


and  also  by  the  liberation  of  the  oxidation  products  of  the  radical  (aldehydes,  wa¬ 
ter,  COj  and  Reactions  of  this  type  are  of  great  importance  in  the  process  of 
preparing  resins,  and  may  ultimately  lead  to  the  formation  of  infusible  and  insolu¬ 
ble  products.  For  the  polymethylsiloxanes,  the  by-products  of  the  reaction  are  for¬ 
maldehyde,  CO  and  for  polyethylsiloxanes,  acetaldehyde,  etc. 

Polyorganosiloxanes  may  contain  the  same  or  different  radicals  attached  to  a 
single  silicon  atom: 


-Si-  -O — sli — O — Si — O — Si—O — Sn — O — ,  — Si — O — s! — O — s!*— O— s! _ O — 

A  li  A  A  A  l'  i’  i'  i 

Such  polymers  are  prepared  by  hydrolysis  of  bifunctional  compounds  with  the  same 
radicals  attached  to  a  single  silicon  atom,  in  the  former  case,  and  with  different 
radicals  so  attached  in  the  latter. 

Cohydrolysis  may  yield  polymers  with  different  radicals  attached  to  different 
silicon  atoms. 


R  R  R  R 

— • Si~~i  J— li  A  — (  u  i — O— 

A  A'  A  A- 

By  the  ,cohydrolysi3  of  several  organochlorosilanes  with  different  radicals,  poly¬ 
mers  with  an  even  more  complex  combination  of  units  in  the  chain  may  be  prepared. 

In  spite  of  the  complexity  of  the  process,  and  of  certain  peculiarities  in  the 
formation  of  polyorganosiloxane  resins  and  elastomers,  the  similarity  between  their 
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structure  and  that  of  organic  polymers  and  silicates  must  be  noted. 

Not  only  linear  polymers,  but  cyclic  and  space  polymers  as  well,  have  a  certain 
similarity  of  structure  to  the  polyorganosiloxanes  and  silicates  (cf. Figs. 35, 36, 37). 

Figure  35  shows  models  of  linear  molecules  or  organic  polymers  (paraffin,  poly¬ 
ethylene),  polyorganosiloxanes  (liquids,  elastomers,  and  thermoplastic  resins)  and 
silicates  (water  glass). 

Figure  36  shows  models  of  molecules  of  cyclic  structure:  polycyclohexane,  poly- 
organosiloxane  (liquids  and  resins),  and  siloxane  (quartz). 

Figure  37  shows  models  of  molecules  possessing  a  spatial  structure:  organic 
space  polymers,  thermoreactive  polyorganosiloxanes,  and  siloxanes. 

It  must,  however,  be  pointed  out  that  the  analogy  between  these  forms  of  poly¬ 
mers  is  confined  to  the  similarity  in  the  arrangement  of  the  atoms  in  the  molecule 
alone.  While  in  the  silicates  the  silicon  atom  is  located  at  the  center  of  a  tetra¬ 
hedron  whose  vertices  are  occupied  by  oxygen  atoms,  in  the  polyorganosiloxanes  or¬ 
ganic  radicals  occupy  one  or  two  vertices  of  the  tetrahedron,  which  makes  deforma¬ 
tion  of  the  tetrahedron  possible  and  gives  flexibility  to  the  molecule  as  a  whole. 

One  of  the  most  important  properties  of  polyorganosiloxanes,  their  low  viscosi¬ 
ty-temperature  dependence,  may  be  explained  by  the  absence  of  hydrogen  bonds  between 
the  molecular  chains  (Bibl.4.6),  as  well  as  by  the  free  rotation  of  the  structural 
units  about  the  siloxane  bond  (BiblA7).  Both  these  circumstances  prevent  the  crea¬ 
tion  of  "tight  packing"  of  the  molecules,  and  are  responsible  for  the  low  degree  of 
interaction  between  the  molecules. 

Free  rotation  of  the  structural  units  (CH^^i-O  has  been  established  by  X-ray 
study  of  so  rigid  a  molecule  as  octamethyldicyclopentasiloxane: 

(CH»)*Si— <X  yO— Si(CHt)t 

i  i 
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The  following  data  were  found  for  this  molecule:  angle  between  the  ring  planes 
20°;  Si  -  0  distance,  1,64  X  (against  1.83  X  in  the  silicates).  The  Si  -  C  distance 
is  equal  to  the  sum  of  the  covalent  radii  (1.90  X). 


/ 


2 

M  M 


O-Sl  e-C  -H 
o-  a)  M-  b) 


Fig. 35  -  Structure  of 
Linear  Molecules  of 
Poisoners: 

1  -  Polyethylene: 

2  -  Polydimethylsiloxane 

3  -  Polydisodiumoxysiloxane 


Fig. 36  -  Structure  of 
Cyclic  Molecules  of 
Polymers : 

1  -  Polycyclohexanes; 

2  -  Polyorganocyclo- 


Fig»37  -  Structure  of 
Spatial  Molecules  of 
Polymers : 

1  -  Organic  Space  Polymers; 

2  -  Polyorganosiloxanes; 


siloxanes;  3  -  Siloxanes  3  -  Siloxanes  (quartz) 
a)  Oxygen;  b)  Metal 


Physical  Properties  of  Organosilicon  Polymers 

Organosilicon  polymers  have  a  low  viscosity-temperature  coefficient,  and  their 
elastic  properties  vary  little  with  temperature.  Thus,  for  instance,  the  variation 
in  the  viscosity  of  liquid  linear  polyorganosiloxanes  is  1/50  the  variation  in  the 


F-TS-9191A 


738 


viscosity  of  petroleum  oils. 

The  modulus  of  elasticity  in  a  polydimethylsiloxane  elastomer  varies  by  a  fac¬ 
tor  of  1.8  over  the  temperature  range  0-80°C,  while  that  of  natural  rubber  varies  by 
a  factor  of  100  over  the  range  25-64°C. 

Liquid  polydimethylsiloxanes  of  viscosity  from  0.65  to  1000  centistokes  are 
compressed  by  7.3-10$  under  a  pressure  of  1000  kg/cm  ,  while  hydrocarbons  (for  in¬ 
stance,  dodecane)  are  compressed  by  6.02$. 

The  unusual  properties  of  linear  polyorganosiloxanes  are  related  to  their  chem¬ 
ical  structure,  and  to  the  form  and  volune  of  the  molecule.  The  fact  that  the  volume 
of  the  silicon  atom  is  greater  than  that  of  the  carbon  atom  makes  the  organic  groups 
attached  to  it  more  mobile  and  gives  flexibility  to  the  molecular  chain  of  the 
polymer. 

On  replacement  of  the  oxygen  in  organosiloxanes  by  other  atoms  or  groups,  the 
forces  acting  within  the  molecule  are  modified,  leading  to  the  production  of  com¬ 
pounds  with  different  physical  properties.  This  will  be  clear  from  Table  87. 

Table  87 

Relation  between  the  Physical  Properties  of  Polymers  of  the  Type 
(CH  )  Si-JUSi(CH  )  on  their  Composition  and  Structure 

33  33 


A 

Beilin^  Sint 
•C 

tan  ftart 

•C 

•♦Mt 

hi  Irytifmm 

AdlW*MH(M«4Y 

4mcm|In 

M  Ml 

100 

-67 

0,65 

2115 

-NH- 

114 

13 

— 

— 

126 

134 

-70 

0,89 

2640 

— S- 

166 

— 

— 

.  /' 

\_/ 

240  (jffrttim.) 

—86 

— 

— 

/~\ 

N_/ 

I 

240  (  .  ) 

-26 

2,535 

1 

3530 

v_/ 

1 

240  (  •  ) 

1 

-72 

1 

— 
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The  structure  of  the  molecular  chain  also  affects  other  properties*  Thus,  for 
instance,  po lymet hy  Is iloxanes  and  polydimethylmethylenesilanes  of  molecular  weight 
1200  have  a  surface  tension  of  20.2  and  26.0  dynes/cm,  respectively,  at  25°0.  Their 
electrical  properties  also  differ  (Bibl.44) •  This  will  be  seen  from  Table  88. 

The  side  groups  affect  the  properties  of  a  polymer.  Table  89  gives  the  proper¬ 
ties  of  a  linear  decamethyltetrasiloxane  and  its  ethyl  and  chloromethyl  analogs 
(Bibl.48). 

The  intennolecular  forces,  determined  from  the  variation  in  the  swelling  of 
various  polymers,  and  expressed  in  the  form  of  density  of  cohesion  energy,  are  as 
follows: 

Density  of  cohesion 
energy,  cal/cm^ 


Polydimethylsiloxane  elastomer 

54 

Polyisobutylene 

60 

Polyethylene 

62 

Natural  rubber 

64 

Polystyrene 

80 

Buna  No.  88 

90 

Polyvinylchloride 

90 

A  study  of  the  compression  of  films  of  polydimethylsiloxane  polymers  on  water 
(Bibl.49)  has  shown  that  the  oxygen  atom  attached  to  a  silicon  atom  orients  itself 
toward  the  water.  Calculations  show  the  volume  of  the  structural  unit  (CH^SiO, 
taken  arbitrarily  as  a  parallelepiped,  (Bibl.50),  is  1 32  i.  The  thickness  of  the 
film  is  5.0  A,  and  the  area  of  the  base  of  the  structural  unit  is  22.9  A.  On  com¬ 
pression,  the  film  thickens  to  12*7  A.  These  data  allow  the  hypothesis  that  the 
molecules  of  polydimethyls iloxanes  have  the  shape  of  spirals,  each  turn  of  which 
consists  of  six  structural  units,  and  that  the  axis  of  the  spiral  is  parallel  to 
the  plane  of  the  water. 
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Table  88 


Electrical  Properties  of  Polydimethylsiloxanes  and 


Polydimethylmethylenesilanes  (Bibl.44) 


N.me  0)  polymer 

i 

Dielectric 

Constant 

E 

Tonqenf  of  dielectric  leu  eiiflc 

2 

»t  10  cycle. 

6 

»♦  10  cycle. 

s 

»♦  10  cycle* 

Polydimethylsiloxanes 

Polydimethylmethylenesilanes 

2,75 

2,49 

0,0006 

0,00065 

0,0003 

0,01205 

0,0007 

i 

Table  89 

Physical  Properties  of  Polymers  of  Various  Structures  (Bibl.^8) 


Structure 


Wiceiily  4t 


lit 

i»  Cmtieteke. 


(CH»)*SllOSi(CH,)tJiPSi(CH»)» 

(CH,)^i-(OSi(CHl)ll*OSi(CH,)l 

C.H, 

(CH»)*Si — (USi(CH|)t]tSi(CHt)t 

<!:h«ci  (^HfCi 


CH, 

(CH,)tSi—  O— L-  OSi(CH,), 

Ah,ci 


1,53 

2,35 

3.5 


3.60 


Mwetion 

*"•*47  «) 
Vikfus  n«e 


fruit  fWnf 

•C 


2510  -76 

2500  -120 


3120 


-94 


3205 


— 77 


Studies  of  polyorganoslloxane  films  in  water,  and  of  mono-layers  of  polyorgano- 
siloxanes  on  glass  and  ceramics,  have  made  it  possible  to  establish  that  the  polymer 
molecules  are  so  arranged  that  the  oxygen  of  the  siloxane  group  is  directed  toward 
the  glass,  while  the  hydrocarbon  radicals  are  oriented  in  the  opposite  direction. 
This  explains  the  high  marginal  angle  of  wetting  (Bibl.51)  of  such  a  surface  by 
water  (90-110°). 

The  orientation  in  cellulose  fibers  is  probably  similar  (Bibl.52). 

The  surface  tension  of  polyorganosiloxanes  at  thin  air  and  water  interfaces 
has  been  measured,  and  on  this  basis  the  energy  of  adhesion  to  water  has  been  cal- 
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ciliated.  Polyorganosiloxanes  have  an  energy  of  adhesion  to  water  that  is  close  to 
that  of  the  hydrocarbons  (only  15^  greater  than  that  of  the  hydrocarbons),  and  they 
are  therefore  not  very  strongly  adsorbed  on  a  water  surface*  The  energy  of  adhesion 
has  a  maximum  when  the  polydimethylailoxane  molecule  is  completely  adsorbed  by  the 
water  and  its  long  axLs  is  parallel  to  the  surface  of  the  water.  It  has  a  minimum 
when  some  of  the  Si  and  0  atoms  of  the  molecule  are  no  longer  adsorbed  by  the  water. 

The  adsorption  of  polydlmethylsiloxanes  by  water  is  explained  by  the  polar  na¬ 
ture  of  the  Si-0  bond. 

A  very  important  peculiarity  of  polyaethylailoxane  molecules  is  their  ability, 
in  mono-layers,  to  coil  into  spirals  and  again  to  uncoil.  This  phenomenon  may  serve 
as  a  basis  for  explaining  the  low  viscosity-temperature  coefficient  of  polyorgano- 
siloxanes,  which  is  explained  by  the  opposing  action  of  two  factors: 

1)  the  decrease  in  viscosity  with  increasing  temperature,  owing  to  the  increas¬ 
ing  intermolecular  distances; 

2)  the  increase  of  viscosity  with  Increasing  temperature,  owing  to  the  length¬ 
ening  of  the  spiral  polyorganosiloxane  molecule. 

The  former  effect  is  observed  in  all  liquids,  while  the  latter  is  manifested 
only  in  long,  chainlike  molecules,  free  from  steric  hindrances  to  coiling. 

The  methyl-substituted  polysiloxanes  have  a  greater  tendency  to  coil  than  all 
other  substituted  polysiloxanes.  The  ethyl  derivatives  have  this  property  to  a  less¬ 
er  degree. 

The  high  viscosity  of  the  organosiloxanes  is  connected  with  the  tendency  of 
their  molecules  to  coil  into  spirals,  owing  to  the  relatively  large  size  of  the  sil¬ 
icon  atom,  as  a  result  of  which  the  free  rotation  of  the  chains  and  substituent 
groups  is  facilitatsd.  The  absence  of  this  capability  in  the  hydrocarbons  is  ex¬ 
plained  by  the  small  sizs  of  the  carbon  atom  by  comparison  with  the  silicon  atom. 

The  thermal  stability  of  the  polyorganoailoxanes  and  their  resistance  to  oxi¬ 
dation  depends  to  a  considerable  extent  on  the  organic  radical.  The  presence  of  the 
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phenyl  group  Increases  the  thermal  stability  of  the  polymer  at  high  teoperatures 
and  to  the  action  of  atmospheric  oxygen.  This  will  be  seen  from  Table  90,  which 
cives  the  thermal  stability  of  polydlmethylsiloxane  and  polypheny lmethylsiloxane. 

Table  90 

Behavior  of  Polydimethylsiloxanee  and  Polyphenylmethylsiloxanes 

on  Heating 


Nome  of  polymer 

1 

Pur  At  i 0« 

■■Ml 

»f  OkiflUtlMI 

mmm 

hgOoh  hcho 

in  hr* 

HI 

Poly dimethyl  ail oxime 

168 

24 

200 

225 

17 

36 

Polyphenylmethyl si loxaae 

168 

168 

200 

225 

3 

168 

250 

14 

168 

275 

42 

24 

300 

18 

Spectral  studies  in  the  infrared  region  show  that  only  the  methyl  groups  are 
oxidized  (Bibl.53). 

To  explain  the  properties  of  the  polyorganoeiloxanes,  an  analogy  may  be  drawn 
between  their  structure  and  that  of  quarts  or  silicates.  While  in  the  chain-form 
metasilicates  we  have  the  fibrous  structure  of  asbestos,  the  low  viscosity-tempera¬ 
ture  coefficient  in  organosiloxane  polymers  is  explained  by  the  very  small  inter- 
molecular  forces  by  which  the  interaction  between  the  molecular  chains  is  effected. 
In  silicates,  owing  to  the  cross-linking,  we  observe  the  laminar  structure  of  mica; 
while  the  polyorganosiloxanes  of  analogous  structure  constitute  disordered  systems, 
resins. 

In  the  molecular  chains  of  mica,  feldspars  and  glasses,  the  silicon  is  partly 
replaced  by  altminum,  titanium,  and  other  metals,  and  in  glasses,  frequently  by 
boron,  phosphorus,  etc.,  as  well.  It  is  well  known  that  the  quality  of  glass  depends 
on  the  elements  of  which  its  molecule  is  composed. 

In  one  of  my  papers  (Bibl.53)  I  pointed  out,  for  the  first  time,  the  possibil- 
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ity  of  the  synthetic  introduction  of  other  elements,  such  as  titanium,  aluminum,  mag¬ 
nesium,  boron,  etc.  into  the  molecular  chain  of  the  polyorganosiloxanes.  In  this  case 
polymeric  compounds  are  obtained  with  molecular  chains  -Si-O-M-O-Si-O  -  , 
where  M  is  the  metal  Al,  Ti,  Mg,  B,  etc. 

This  new  class  of  polymeric  compounds,  termed  ’•organosilicates'*  or  polyorgano- 
metallosiloxanes,  is  of  great  theoretical  interest. 

The  partial  substitution  of  silicon  in  organosiloxanes  by  its  analog  germanium 
is  theoretically  interesting.  But  it  will  be  possible  only  when  we  succeed  in  bring¬ 
ing  an  alky lc hlorogermanium  into  the  reaction  of  cohydrolysis  with  organochloro- 
silanes.  The  silicon  in  the  polymer  chain  may  be  partially  replaced  by  boron,  but  in 
this  connection  it  must  be  borne  in  mind  that  in  boron  the  fourth  coordination  bond, 
to  which  another  substituent  can  be  attached,  is  free.  Boron  forms  a  bond  with  groups 
amenable  to  hydrolysis. 

A  substance  has  recently  been  prepared  which  was  isolated  in  the  form  of  an 
intermediate  compound  on  preparation  of  polydimethylailoxane,  in  the  presence  of  BF^ 
as  a  polymerization  catalyst.  This  new  compound  was  also  formed  from  trimethyleth- 
oxysilane  under  the  action  of  boric  acid  in  the  presence  of  an  acid  esterification 
catalyst  (p-toluenesulfonic  acid).  It  boils  at  90°C  and  has  the  following  structure 
(Bibl.55): 


(CHafeSi— O— B— O— Si(CH»), 

It  was  found  subsequently  that  phenylboric  acid  and  a  solution  of  trimethyl- 
bromosilane  in  heptane  at  96°C  form  phenylboroxide ;  the  water  split  off  during  this 
intramolecular  condensation  then  acts  on  more  triethylbromosilane ,  forming  triethyl- 
silanol  and  HBr.  At  140°C,  in  addition,  a  small  quantity  of  a  viscous  colorless  oil 
containing  boron  is  also  formed.  The  following  structure  is  attributed  to  it 
(Bibl.56): 
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(<^H»)»Si-0— B— O-SIK^H*)* 

A 

\/ 

The  Introduction  of  metals  into  polymers  prepared  from  esters  of  orthosilicic 
acid  has  also  been  described,  but  their  composition  has  not  yet  been  established 
(Bibl.57). 

Interesting  observations  have  been  made  in  a  study  of  the  effect  of  ferric  chlo¬ 
ride  on  dimethylsiloxane  polymers  under  action  of  ultraviolet  rays*  It  was  found 
that  under  the  action  of  ultraviolet  light  and  ferric  chloride  (Blbl.58) 

I  I 

the  -  Si  -  0  -  Si  -  bond  is  broken. 

i  i 

It  has  been  established  that  ferric  chloride,  like  sulfuric  acid  and  its  salts, 
breaks  down  cyclic  polyorganosiloxanes  and  converts  them  into  linear  ones.  Ferric 
chloride  may  therefore  be  used  as  a  catalyst  encouraging  the  conversion  of  cyclic 
polymers  into  linear  polymers  and  the  formation  of  cross-linked  polyorganosiloxanes 
(Bibl.59). 

Cobalt,  manganese,  zinc,  lead,  calcium  siccatives  and  others  have  been  described 
as  catalysts  for  hardening  the  polyorganosiloxanes  (Bibl.60). 


‘Polymeric  Organosillcon  liquids 

Organosilicon  polymeric  products  may  be  obtained  in  the  form  of  liquids  trans¬ 
parent  as  mater;  they  are  chemically  inert  and  resist  heat  and  oxidation  (Bibl.6l). 

Liquid  polyorganosiloxanes  consist  ol  molecules  of  either  linear  or  cyclic 
structure.  On  hydrolysis  of  a  mixture  of  dialky ldichlorosilanes  and  trialky lc hloro- 
silanes,  followed  by  condensation  of  the  hydrolysis  products,  linear  polymers  are 
formed? 


tR,Si(OH),  +  2R|SiOH  — 


R 

♦  R— L- 


R 

-O— ii— 

A  J 


— O— ii-R  +  (x  +  l)H*0 
R 
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The  value  of  x,  that  is,  the  degree  of  polymerization  of  the  product,  depends  on 
the  condensation  conditions  and  on  the  proportions  of  the  reagents.  An  increase  in 
the  quantity  of  trialkylsilanol  in  the  reaction  leads  to  a  decrease  in  the  value  of 
x,  since  a  trialky xsiianol  encourages  the  breaking  off  of  the  molecular  chains.  At 
the  molar  ratio  of  5:2  between  dialky lsilanol  and  trialkylsilanol,  x  ■  5j  at  the 
ratio  of  10:2,  x  3  10,  etc. 

In  an  acid  medium,  cyclic  polymers  are  mainly  formed,  according  to  the  reaction: 


W.SKOH), - >  I  I  +3H*> 

R*si  sir, 

V 

The  number  of  silicon  atoms  in  the  rings  may  vary,  depending  on  the  reaction 
conditions.  The  cyclic  polyorganosiloxanes  entering  into  the  composition  of  the  liq¬ 
uid  polymers  may  have  10  silicon  atoms  or  more  in  the  ring. 

Liquid  polysiloxanes  may  also  be  prepared  by  hydrolysis  of  the  dialkyl-  and 
trialkyl-substituted  esters  of  orthosilidc  acid.  When  the  hydrolysis  is  run  with 
insufficient  water  in  the  absence  of  an  acid,  liquid  polymers  containing  alkoxy 
groups  are  obtained.  The  reaction  of  formation  of  liquid  polymers  under  these  condi¬ 
tions  may  be  represented  in  the  following  general  form:  (Bibl.62): 


tRjSHOR'),-*  -g-  HjO - >  R'OSi— 


R  - 
-o-ii- 

A  - 


— O— ili— OR  •{-  R'OII 

A 


In  this  CMS  the  quantity  of  water  is  the  factor  controlling  the  growth  of  the  mol¬ 
ecular  chains. 

Polysiloxane  liquids  are  odorless.  Their  viscosities,  boiling  points,  and 
freezing  points  vary  within  wide  limits.  These  properties,  and  their  other  physical 
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properties ,  depend  on  tne  degree  or  condensation  and  on  the  size  of  the  organic  rad¬ 
ical  entering  into  the  composition  of  the  polymer  molecule. 


On  hydrolysis  of  a  mixture  of  dlmethyldichlorosilane  and  trimethylchlorosilane. 


liquid  products  that  readily  distill  under 
colorless  liquids  with  low  boiling  points. 


*) 

Pig. 38  -  Relation  between  Dielectric 
Constant  of  Polydimathylsiloxanes  of 


reduced  pressure  are  obtained.  They  are 
insoluble  in  water  and  aliphatic  alcohols, 
but  soluble  in  aromatic  hydrocarbons, 
dichloroethane,  an  ethanol-benzene  mix¬ 
ture.  etc.  They  are  chemically  inert  and 
do  not  dissolve  natural  or  synthetic 
rubbers,  plastics,  etc.  Polymethylsilox- 
ane  liquids  not  containing  ethoxy  groups 
are  prepared  from  a  mixture  of  dimethyl- 
diethoxysilane  and  methyltriethoxysilane 
by  pouring  a  mixture  of  0.9  mol  of  di- 


Various  Degrees  of  Polymerisation  and 
the  Temperature 

Degree  of  polymerization:  1  -  polymer¬ 
isation  0;  2-1}  3-2;  4-3;  5-4;  6-5; 
7-6;  8-24;  9-48;  10-151;  11-polymer¬ 
isation  356 

a)  Temperature,  °C;  b)  Dielectric 
constant  at  1000  cycles 


met hy Idiot hoxysilane  and  0.1  mol  of 
methyltriethoxysilane  into  half  its  vol¬ 
ume  of  2N  HC1  at  a  temperature  not  over 
45°C.  The  product,  after  hydrolysis,  has 
a  low  viscosity,  but  after  carbon  dioxide 
gas  is  blown  through  it,  and  it  lias  been 
boiled  with  cone,  alcoholic  HC1,  its 


viscosity  rises.  If  not  over  10  %  of 
met hyltriet hoxysilane  is  taken  for  the  hydrolysis,  the  gelation  of  the  hydrolysis 
product  will  not  take  place  on  heating  to  100°C  for  600  hours.  The  freezing  point  of 
the  product  is  -  84°C. 

A  mxnber  of  liquid  polymethylsiloxane  polymers  have  been  prepared.  Table  91 
gives  their  properties. 
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Table  91 


Properties  of  Po lymet hy la i lox&ne  liquids 


Viuaiily 

At  UK 

*****  fWa*t 

►c 

fioiti'riq  fblnt 

•c 

FtMh  faint 

or 

Spw.dMvIty 

*♦88* 

CMtffclfftt  a f 

(Kx  1000) 

0,65 

-58 

99,5 

-1,11 

0,761 

1,598 

1.0 

-38 

152 

37,8 

0,818 

1,451 

1.5 

-76 

192 

71,1 

0,852 

1,312 

2,0 

-84 

230 

90,6 

0,871 

1,247 

3,0 

-70 

70-100  (0,5  mm) 

107,2 

0,896 

1,170 

5,0 

-70 

120-160  (0,5  Mm) 

132,2 

0,918 

1,095 

10 

-67 

200  (0,5  nm) 

176,7 

0,940 

1,035 

‘20 

-60 

220  (0,5  mm) 

271,7 

0,950 

1,025 

SO 

-55 

250  (0,5  mm) 

232,2 

0,955 

1,000 

The  physical  and  electrical  properties  of  these  polymers  have  been  studied.  The 


dielectric  constant  has  been  determined  for  a  number  of  linear  polymers  containing 
24,  48,  151  and  356  silicon  atoms  in  the  chain.  These  determinations  have  shown  that 
the  dielectric  constant  at  1000  cycles  ranges  from  2.0  to  2.8  (depending  on  the  mo¬ 
lecular  weight  and  the  test  temperature.  When  the  temperature  is  raised  from  25°C 
to  150°C,  the  dielectric  constant  decreases  (Pig. 38). 


Figure  39  shows  the  dependence  of  the  specific  gravity  of  polydimethylsiloxanes 


on  the  degree  of  polymerisation  and  on  the  temperature.  The  specific  gravity  of  all 


polydimethylsiloxanes  is  less  than  1,  and  decreases  regularly  with  increasing  tem¬ 
perature  from  25°C  to  150°C. 


The  dielectric  constants  and  the  densities  approach  a  constant  quantity  as  the 
number  of  silicon  atoms  in  the  polymer  molecule  increases. 

Figure  kO  gives  the  relation  between  the  dielectric  constant  of  polymethyl- 
siloxane  liquids  and  their  viscosity,  while  their  content  of  volatiles  is  shown  in 
Fig .41  (determined  by  heating  at  200°C  for  46  hours). 


A  definite  relation  exists  between  specific  gravity  and  dielectric  constant 


(Bibl.63).  With  increasing  number  of  silicon  atoms  in  the  polymer  molecule,  both 


these  characteristics  at  first  increase,  and  then  approach  a  limit,  after  which 
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they  remain  almost  unchanged  with  further  Increase  in  the  number  of  silicon  atoms 
in  the  molecule. 

The  temperature-dependence  of  the  specific  volume  of  polydimethylsiloxane  li  - 


Pig. 39  -  Dependence  of  the  Specific 
Gravity  of  Polydimethylsilox&nes  on 
the  Temperature  and  on  the  Degree  of 
Polymerisation 

1-dimer;  2-trlmer;  3-tetramer;  4- pen- 
tamer;  5-hexamer;  6-heptamer;  7-octamer 
a)  Tenperature,°C;  b)  Specific  gravity 


a) 

Fig. 40  -  Dependence  of  the  Dielectric 
Constant  of  Polydimethylsiloxane  Liq¬ 
uids  on  their  Viscosity 
a)  Viscosity  at  25°C,  centistokes; 
fe)  Dielectric  constant  at  25°C 


quids  decreases  regularly  with  increasing  sise  of  the  molecule,  both  in  cyclic  and 
linear  polymers.  The  decrease  in  specific  volimw  is  greater  in  the  linear  coa'pounds 
than  in  the  cyclical.  In  abeolute  value,  toe  specific  volimw  of  a  linear  compound  is 
greater  than  that  of  a  cyclic  compound  containing  the  same  nunber  of  silicon  stems 
in  its  molecule.  With  increasing  sise  of  the  molecules,  the  difference  between  the 
specific  voltmws  of  cyclic  and  linear  compounds  lessens. 

Figure  42  shows  the  temperature  variation  in  the  volume  of  polymet hylsiloxane 
liquids  of  different  viscosities.  The  viscosity  of  polydimethylsiloxanes  depends  on 
temperature:  there  is  a  linear  relation  between  the  logarithm  of  the  viscosity  and 
the  reciprocal  of  the  absolute  temperature.  This  linear  relation  shows  that  the 
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polydimethylsiloxanes  are  ‘•normal**  liquids  with  a  very  low  degree  of  association. 
In  linear  polydimethylsiloxanes  the  association  is  greater  than  it  is  in  the  cyclic 


4) 


Fig. 41  -  Relation  between  the  Volatile  Fig. 42  -  Relation  between  Temperature- 

Content  of  Polydimethylsiloxane  LLq-  volume  Variation  in  Polymethylsiloxane 
uids  and  their  Viscosity  Liquids  and  the  Viscosity  of  the  Polymer 

a)  Viscosity,  centistokes;  1-Liquid  of  viscosity  0.65  centistoke; 

b)  Content  of  volatile  portion,  %  2-3  centistokes;  3-50  centistokes; 

From  100  to  1000  centistokes 
a)  Temperature , °C ;  b)  Relative  varia¬ 
tion  in  volume 

compounds.  This  is  confirmed  by  measurements  of  viscosities,  molar  and  specific  vol¬ 
umes,  etc. 

The  temperature  dependence  of  the  viscosity  of  polymethylsiloxane  liquids  and 
of  petroleum  oils  is  shown  in  Fig .43* 

Polydimethylsiloxane  liquids  are  considerably  less  volatile,  have  higher  flash 
points,  and  are  more  resistant  to  oxidation,  than  petroleum  oils  of  the  same  vis¬ 
cosity.  They  freeze  at  lower  temperatures. 

Polymethylsiloxane  liquids  with  the  required  characteristics  are  prepared  by 
separating  narrow  cuts  of  product  by  fractional  distillation,  and  selecting  the 
fraction  of  the  desired  viscosity.  On  hydrolysis  of  dimethyldichlorcsilane  and  tri- 
methylchlorosilane,  hexamethyldisiloxane  and  cyclic  compounds,  trimer,  tetramer. 


F-TS-9191/V 


750 


pentamer,  etc.,  are  always  formed  besides  the  linear  polymers. 

A  convenient  method  of  preparing  liquid  polymers  wit.,  linear  molecules  is  the 

rearrangement  of  polydimethylsiloxanes 


mm 


■ESHHB 


93  HI  HO 


Fig. A3  -  Temperature-dependence  of 
the  Viscosity  of  Various  Polymethyl- 
siloxane  Liquids  (The  Figures  on  the 
Curves  Indicate  the  Initial  Viscos¬ 
ities  at  20°C). 

a)  Temperature, °C;  b)  Viscosity, 
centistokes;  c)  Petroleum  oil;  d) 
Petroleum  oil  for  hydraulic  system 


by  the  action  of  sulfuric  acid  in  the 
presence  of  hexamethyldisiloxane.  For 
this  purpose,  the  product  of  hydrolysis 
of  dimethyldichlorosiloxane  in  an  acid 
medium,  for  instance  octamethylcyclo- 
tetrasiloxane,  is  mixed  in  proper  pro¬ 
portions  with  hexamethyldisiloxane  (cal¬ 
culated  for  the  formation  of  a  chain  of 
the  required  average  length),  and  about 
fi%  by  volume  of  cone,  sulfuric  acid  is 
added  to  the  mixture.  The  average  chain 
length  is  determined  very  exactly  by  the 
proportions  of  the  reagents  (of  the  cy¬ 
clic  polymer  and  the  hexamethyldisilox- 
ane).  The  mixture  is  shaken  at  room  tem¬ 
perature  until  equilibrium  is  establish¬ 
ed  (when  constant  viscosity  is  attained). 
After  equilibrium  has  been  reached,  20% 
by  volume  of  water  is  added,  and  the 
shaking  is  continued  for  several  hours. 

An  oil  is  formed  during  the  hydrolysis 


of  the  sulfuric  acid  groups.  The  acid  is  removed,  and  the  oil  is  neutralized  and 
dried.  Under  the  proper  pressure,  the  volatile  products  can  easily  be  distilled  off 
from  the  equilibrium  mixture.  This  makes  the  remaining  polymers  still  more  uniform. 
The  properties  of  linear  polymers  with  2  to  11  silicon  atoms  in  the  molecule  have 
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been  studied,  showing  a  linear  relation  between  the  logarithm  of  the  vapor  pressure 
and  the  reciprocal  **f  the  absolute  temperature.  The  logarithm  of  the  vapor  pressure 
also  has  a  ldnear  relation  to  the  number  of  silicon  atoms  in  the  polymer;  and  the 
vapor  pressure  of  linear  polymers  is  lower  than  that  of  cyclic  polymers  with  the 
same  number  of  silicon  atoms •  The  latent  heat  of  evaporation  is  in  linear  relation 
to  the  number  of  silicon  atoms  in  the  polymer.  It  is  smaller  in  cyclic  polymers  than 
in  the  corresponding  linear  compounds,  and  this  difference  increases  with  the  number 
of  silicon  atoms  in  the  polymer. 

The  heat  of  evaporation  of  linear  polvdimethylsiloxanes  is  determined  by  the 
empirical  formula: 


*//tfM*r4-70+  '•65* 

where  x  ■  number  of  silicon  atoms  in  the  chain. 

The  heat  of  evaporation  of  cyclical  polymers  is  calculated  by  the  formula: 

where  x  is  the  number  of  R^SiO  structural  units. 

At  the  same  temperature,  a  linear  polymer  has  a  lower  vapor  pressure  than  the 
corresponding  cyclic  polymer. 

It  has  been  found  that  the  logarithm  of  the  absolute  viscosity  is  a  linear 
function  of  the  logarithm  of  the  number  of  units  in  the  chain.  The  corresponding  cy¬ 
clic  polymer  always  has  a  higher  viscosity  than  the  linear  polymer,  and  its  viscosity 
varies  more  rapidly  with  the  temperature. 

Two  experiments  were  performed  to  determine  the  relation  between  the  composi¬ 
tion  of  an  equilibrium  mixture  of  polydimethylsiloxanes  and  the  conditions  of  its 
preparation  (in  the  absence  of  a  solvent,  and  in  its  presence). 

In  the  first  experiment  a  mixture  of  177  g  of  hexamethyldisiloxane  and  323  g  of 
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octamethylcyclotetrasiloxane  was  treated  with  5  ml*  of  cone,  sulfuric  acid  and  shaken 
on  a  shaking  machine  for  21  days  at  room  temperature  (Bibl.64).  The  equilibrium  state 


was  followed  from  the  change  in  the  viscosity  of  the  solution.  During  the  first  5 
days,  the  viscosity  increased  from  1.01  to  2.5  centipoises,  and  thereafter  remained 
constant.  After  21  days  the  mixture  was  washed  with  water  to  remove  the  acid,  dried 
over  anhydrous  sodium  carbonate,  and  fractionated. 


In  the  second  experiment  a  mixture  of  177  g  of  hexamethyldisiloxane,  323  g  of 

octamethylcyclotetrasilioxane,  and  80A0  g  of  carbon  tetrachloride  was  taken.  To  the 

mixture  16  g  of  antimony  pentachloride  was  added,  after  which  it  was  shaken  23  days 

on  the  shaking  machine  at  25°C.  In  8  days  the  viscosity  of  the  mixture  increased  from 

0.90ft-  to  0.932  centipoises,  thereafter  remaining  constant.  After  termination  of  the 

experiment ,  the  mixture  was  washed  with  water  to  remove  the  antimony  pentachloride, 

the  CC1  was  distilled  off,  and  the  residue  was  fractionated  in  a  column. 

A 

When  the  carbon  tetrachloride  was  distilled  off,  some  of  the  hexamethyldisilox¬ 
ane  in  the  mixture  was  also  volatilized.  Special  experiments  showed  that  6.6$  of  the 


hexamethyldisiloxane  was  so  distilled  with  the 


The  starting  mixture  contained  (by  weight)  35$  of  hexamethyldisiloxane  and 


6A.6$  of  octamethylcyclotetrasiloxane.  The  percentage  compositions  of  the  mixture 
obtained  after  the  action  of  sulfuric  acid  (Experiment  1)  according  to  the  above 


technique,  and  of  antimony  pentachloride  (Experiment  2)  in  CCl^  solution,  were  as 


follows. 


Linear  polymers t 
dimer  .  •  • 
trimer  •  • 
tetramer  . 
pentamer 
hexamer  .  . 
heptaner  . 
oc tamer  .  . 

Cyclic  polymers: 
tetramer  • 
pentamer  . 


Yield,* 


Experiment  1 

Experiment  2 

6.5 

10.1 

8.7 

11.7 

9.7 

10.5 

10.0 

9.0 

8.3 

6.5 

7.8 

5.5 

6.6 

A.3 

3.1 

21.3 

0.8 

7.2 

Cvclic  hexa-,  hepta-  and  octamers  were  found  in  small  quantities. 
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It  is  interesting  to  note  that  the  data  obtained  by  calculating  the  theoretical 
composition  of  the  mixture,  based  on  the  Flory  method,  were  in  agreement  with  the  ob¬ 
served  values  (with  deviations  not  over  1.2%  in  either  direction). 

We  now  present  a  description  of  the  method  of  calculating  the  composition  of  a 
mixture  of  polydimethylsiloxanes  in  an  equilibrium  system  (Bibl.64).  Notation  used: 

M  -  end  groups  (CH^J^SiO; 

D  -  unit  of  chain  (CH^^iO; 
x,  y  -  number  of  units  in  orginal  molecules 

z  -  number  by  which  the  number  of  units  in  the  molecules  formed  has  varied; 
r  -  molar  concentration  of  cyclic  polymers  containing  y  units  in  the  molecule. 

y 

The  reaction  between  the  linear  polydimethylsiloxanes,  leading  to  equilibrium, 
may  be  described  as  follows: 

MD,_aM  +  MDu_jM  -  DMx+I_jM  +  MD 

The  equilibrium  constant  of  this  reaction  may  be  expressed  in  terms  of  the  con¬ 
centrations  of  the  components  of  the  mixture,  and  does  not  depend  on  the  values  of 
x,  y  and  z. 


K 


Cx+l'Cy—i 


(1) 


The  experimental  data  are  very  close  to  the  theoretical.  Thus,  the  value  of  the 
equilibriun  constants  of  linear  polymers  for  15  equilibria  studied  deviates,  in  the 
maximum  case,  only  by  0.32.  In  spite  of  the  applicability  of  the  Florv  method  to  an 
infinitely  long  chain,  satisfactory  correspondence  between  theoretical  and  experi¬ 
mental  data  is  also  observed  in  this  case. 

For  the  reaction  of  conversion  of  a  linear  polymer  into  a  mixture  of  a  cyclic 
and  a  linear  polymer  with  shorter  chains 
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MD3e+1/_2Mr.Dy  +  MDje_JM 


The  equilibrium  constant  should  depend  on  y,  that  is,  on  the  number  of  units  in  the 
ring.  The  equation  of  the  equilibrium  constant  in  this  case  will  be  of  the  following 
form: 


K»CX 

^x+V 


(2) 


Since  no  cyclical  t rimer  was  found  in  the  process  of  establishing  equilibrium 
or  in  the  equilibrium  system,  it  must  be  concluded  that,  for  y<4,  the  equilibrium 
constant  K  =0. 

y 

For  y  =  4,  5,  and  6,  the  equilibrium  constant  varies.  On  the  basis  of  experi¬ 
mental  data,  the  curve  of  the  relation  between  K  and  the  value  of  y  was  plotted. 

y 

Ky  -  11.0(0,40))’  for  y  >  3  (3) 

It  should  be  noted  that  this  equation  holds  only  for  the  given  system,  and  that 
in  any  other  case  the  values  of  the  coefficients  will  be  different. 

Equation  (l)  should  correspond  to  the  relation 


C  =  AP*  (4) 

where  A  and  P  are  constants  for  a  given  equilibrium  system  of  polymethylsiloxanes. 

If,  now,  we  substitute  the  values  of  C  and  C  in  eq.(3),  then  we  get: 

y  x*7 

y  <  *  #>*  <>  (5) 

Cancelling  out  Px,  we  get 

Ry  ~  ll(0,40/>)>’  jor  y  „  A  (6) 
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Since  there  are  two  (CH^)^Si  groups  in  each  linear  polydimethylsiloxane,  the 
total  molar  concentration  of  these  groups  in  the  mixture  of  polymers  in  the  equili¬ 
brium  state  will  be  equal  to  : 


M  i 


2  2 C.v 
*— 2 


(7) 


The  total  molar  concentration  of  the  (CH^gSiO  groups  will  be  made  up  of  the 
sum  of  these  groups  in  the  linear  and  cyclic  polymers: 


D  -  g  (*  -  *2)C,  +  f  yry 

1-2  1/-4 


(8) 


Substituting  the  value  of  C  for  eq.^4)  and  of  y  from  eq.(6),  we  obtain: 

\\w. 

(I  -P) 

,, _ AP*  14,0  X  (0.40P)* —  33,0(0, 40P)»  (9) 

“  +  (I  -0.40/>)* 

Knowing  the  total  concentration  of  the  M  and  D  units,  A  and  P  may  now  be  cal¬ 
culated,  after  which,  by  substituting  the  values  so  found  in  eqs.(lf)  and  (6),  the 
concentration  of  any  dimethylsiloxane  polymer  in  an  equilibrium  system  may  be  found. 

Starting  out  from  these  equations,  the  degree  of  polymerization  of  the  mixture 
of  polymers  in  a  given  equilibria  system  may  also  be  calculated.  If  the  degree  of 
polymerization  is  defined  as  the  ratio  of  the  sum  of  the  concentrations  of  all  the 
elementary  units  M  and  D  to  the  sun  of  the  concentrations  of  all  cyclic  and  linear 
polymers,  then  the  following  relation  is  obtained: 


tCx  f  t  ary 

l,Pn  -1=1 - 

2  C,  +  £  ry 

x-2  V*-4 
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Substituting  the  corresponding  values  in  this  equation,  we  get: 

A(2P*  —  P*)  44(0, 40P)»  —  33(0, 40P)» 

(\-P )*  +  "  (1  — 0.40P)* 

1,1 - AP  .  ll(0,40W - 

I  —P  +  I— 0.40P 

Experimental  determination  of  the  degree  of  condensation  of  the  system  coincided  ex¬ 
actly  with  the  theoretically  calculated  value.  The  fact  that  no  cyclical  trlmer  was 
found  in  investigating  the  equilibrium  polydimethylsiloxane  system  points  to  the  ex¬ 
istence  of  great  stresses  in  the  six-membered  ring  constructed  of  silicon  and  oxygen 
atoms.  The  silicon-oxygen  angle  in  polydimsthylcyclosiloxanes  is  160+15°.  Thus,  in 
the  sixrmembered  ring,  whose  angle  is  almost  109°28*,  there  are  great  stresses. 

High  stresses  may  originate  in  the  rings  of  cyclic  hydrocarbons  owing  to  the 
interference  of  substituent  groups  or  hydrogen  atoms.  In  the  case  of  polysiloxane 
rings,  the  substituent  grotqm  are  further  apart  and  interact  less  with  each  other. 

When  a  trifunctional  monomer,  net hyltrichlorosi lane  (Bibl.65)  is  introduced  in¬ 
to  the  process  of  eohydrolysis  of  dlnethyldichlorosilane  with  trimethylchlorosilane, 
the  siloxane  groups  obtained  are  more  or  less  branched  (depending  on  the  relative 
mmber  of  trifunctional  units  introduced).  In  this  case  each  branch  is  closed  by  a 
(CH^)^SiO  group,  which  preserves  the  chmaical  stability  of  the  liquid. 

The  branched  polymethylsl loxanes  are  also  subject  to  rearrangement  under  the 
action  of  sulfuric  acid.  When  this  occurs,  great  changes  in  molecular  size  are  ob¬ 
served,  and  under  appropriate  pressure  large  quantities  of  light  fractions  are  dis¬ 
tilled  off.  The  viscosity-temperature  coefficient  of  the  polymer  so  obtained  does 
not  exceed  0.67  (for  oils  based  on  hydrocarbons,  0. 8-0.9),  and  the  freezing  point 
sometimes  goes  as  low  as  -89°C.  The  change  of  physical  properties  in  this  case  may 
be  explained  mainly  by  the  formation  of  cyclic  macromolecules. 

The  slight  change  of  viscosity  of  a  polysiloxane  oil  with  the  temperature  may 
be  vividly  illustrated  by  the  following  example:  if  a  polymethylsiloxane  oil  and  a 
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standard  hydrocarbon  oil  have  the  sane  viscosity  at  100°C,  then,  when  both  are 
cooled  to  -3 5°C ,  the  viscosity  of  the  former  will  increase  7  times,  and  that  of  the 
latter  1800  times.  The  slight  temperature  variation  of  the  viscosity  of  polymethyl- 
siloxane  oils  makes  them  particularly  advantageous  for  use  as  working  liquids  in 
hydraulic  systems.  They  do  not  react  with  the  ordinary  metals,  maintain  their  color 
and  do  not  oxidize  at  200°C.  They  have  satisfactory  lubricating  properties. 

Polvethylsiloxane  Liquids 

When  a  mixture  of  diethyldichlorosilane  and  triethyl chlorosilane  is  hydrolyzed 
by  water  in  an  acid  medium,  as  in  the  hydrolysis  of  the  methylchlorosilanes ,  liquid 
polymers  with  a  wide  boiling  range  are  obtained.  The  quantity  of  the  high-boiling 
fractions  depends  on  the  conditions  of  hydrolysis,  and  increases  with  the  ratio  be¬ 
tween  the  quantity  of  diethyldichlorosilane  to  that  of  triethylchlorosilane. 

The  liquids  obtained  by  the  hydrolysis  of  a  mixture  of  diethyldiethoxysilane 
and  triethylethoxysilane  boil  over  a  wide  range  of  temperatures. 

Table  92  (of.  p  -759 )  give  the  principal  physico-chemical  properties  of  poly- 
ethylsiloxane  liquids. 

The  liquids  prepared  from  the  ethyl-substituted  esters  of  orthosilicic  acid 
have  a  higher  viscosity  than  liquids  boiling  at  the  same  temperature  but  prepared 
from  the  ethylchloro silanes.  The  existence  of  an  ester  value,  due  to  the  presence 
of  ethoxy  groups,  is  characteristic  for  them. 

The  presence  of  ethoxy  groups  sharply  affects  the  viscosity  of  the  polymer.  This 
will  be  clearly  seen  from  Pig. 44,  showing  the  viscosity- temperature  dependence  of 
liquids  with  boiling  points  close  together  but  prepared:  some  from  ethylchloro- 
silanes,  others  from  ethyl-substituted  esters  of  orthosilicic  acid. 

Studies  of  the  dielectric  properties  of  the  liquids  prepared  from  a  mixture  of 
diethylsilanol  and  triethylsilanol  have  shown  them  to  possess  high  volume  resistiv¬ 
ity,  which,  however,  depends  on  the  test  temperature  and  the  molecular  weight  of  the 
liquid  (cf.Pig.45). 
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Table  92 

Properties  of  Polyethylsiloxane  Liquids 


Boiling  Point, 

Specific 

Viscos- 

Refrac- 

Acid 

Freezing 

Flash 

Fire 

Gravity 

ity 

tive 

Value 

Point, °C 

Point ,°C 

Point, °C 

Centi- 

Index, 

stokes 

nD 

Liquids  prepared  from  a  mixture  of  diethyldichiorosilane  and 

triethyltrichlorosilane 

1 

40  -  80  (8  am) 

0.8127 

1.020 

1.4471 

2.95 

Under  -110 

40 

56 

80  -  100  (8  on) 

0.8661 

2.00 

1.4360 

1.87 

Under  -110 

78 

100 

100  -  150  (8  na) 

0.9045 

3.3 

1.4375 

1.59 

Under  -110 

100 

no 

150  -  237  (8  on) 

0.9835 

10.2 

1.4405 

2.05 

Under  -110 

110 

160 

Over  237  (8  an) 

— 

— 

1.4491 

4.84 

-40 

208 

255 

liquids  prepared  from  a  mixture  of  diethyldiethoxysilane  and 

triethy le thoxys ilane 

150  -  200  (6  as) 

— 

9.50 

— 

0.85 

-109 

125 

145 

200  -  282  (8  as) 

— 

87.43 

— 

1.57 

-94 

153 

214 

An  advantage  of  these  liquids  is  the  fact  that  in  then  this  dependence  is  con¬ 
siderably  less  pronounced  than  in  purified  transformer  oils,  owing  to  the  fact  that 
their  viscosity-temperature  coefficients  are  lower  than  in  mineral  oils. 

Figure  46  shows  the  temperature-dependence  of  the  tangent  of  the  dielectric 
loss  angle  at  50  cycles.  The  dielectric  losses  in  the  high  temperature  region  very 
strongly  depend  on  the  purity  of  the  liquid. 

Figure  47  shows  the  temperature-dependence  of  the  tangent  of  the  dielectric 
loss  angle  at  various  frequencies. 

At  temperatures  above  0°C,  the  tangent  of  the  dielectric  loss  angle  and  the 
dielectric  constant  maintain  constant  values  for  each  of  these  frequencies.  At  low 
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tence  of  orientation  losses  coupela  us  to  assists  that  their  appearance  must  be  due 
to  contaminations ,  either  owing  to  polar  OH  or  (HI  groups  remaining  in  the  composi¬ 
tion  of  the  molecule,  or  owing  to  the  Si-0  bond.  At  higher  temperatures ,  at  all 
frequencies,  only  displacement  losses,  not  depending  on  the  temperature ,  are  ob¬ 
served.  No  losses  of  conductivity  19  to  100°C  are  manifested  (Bibl.66). 

Figure  48  shows  the  relation  between  the  viscosity  of  polyorganosiloxane  liq- 
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uids  and  the  average  molecular  weight. 


Aa  will  be  seen  from  the  following  data,  liquid -polymers  containing*  large- 


*) 


Fig. 46  -  Dependence  of  the  Tangent  of  the  Dielectric 
Loss  Angle  of  a  Polydlethylalloxane  Liquid  on:  Pur¬ 
ity  and  Test  Temperature 

1  -  Liquid  before  purification;  2  -  Liquid  purified 
by  adsorbents 

a)  Temperature,  °C;  b)  Tangent  of  dielectric  loss  angle 
number  of  ethoxy  groups  have  considerable  dipole  moments : 


Dipole  moment 


1018 

(C^j^Si^OC^  . . 2.60 

(C2^)1(fiUSl5(OC2H5)2  .  2.98 

(C2H5)605Si6(OC2H5)8  .  3.28 

.  3.50 

(C2H5 ^9  •••••••••••••••  •••• •  3.56 
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-100-60 -SO -40 -20  0  20  40  SO  90  100 


A'S 

Fig .47  -  Temperature  dependence  and 
Frequency  dependence  of  Tangent  of 
Dielectric  Lose  Angle  of  Polydiethyl- 
siloxane  Liquid  (Fraction  of  b.p. 

150-200°C,  at  8  nm): 

1-50  kilocycles;  2  -  100  kilocycles; 

3  -  500  kilocycles;  U  -  1000  kilocycles 
a)  Temperature, °C;  b)  Tangent  of 
dielectric  loss  angle 


Fig .4-8  -  Relation  Between  Viscosity  of 
Various  Polyalkylsiloxane  Liquids  and 
their  Average  Molecular  Weight: 

^-[SI(CH,),Oj»;  »-C1Ho[8I(C,H.)10|,CH 
3  -  CH*)SI(CH  )iO)/81(CH,) 
<-C,HOlSICH,<OC,H,)Oj,C  H 

a)  Average  molecular  weight; 

b)  Viscosity  at  25°C,  centistokes 


Polvalkylarylalloxane  Liquids 

Polyalky larylailoxane  liquids  may  be  prepared  by  the  hydrolysis  of  phenylethyl- 
dichlorosilane,  a  phenylethyldialkoxy silane,  or  by  co-hydrolysis  of  the  correspond¬ 
ing  dialkyl-  and  diary Idichloro-  or  dialkoxy a ilanes . 

The  hydrolysis  of  phsnylsthyldichlorosilane  is  conducted  in  two  stages.  In  the 
first  stage  it  is  slowly  poured  into  a  mixture  of  ethanol  and  water;  the  polymer  so 
obtained  is  an  oil  of  viscosity  not  exceeding  60  centistokes. 

In  the  second  stage,  this  oil  is  treated  a  few  hours  at  130-1LO°C  with  solid 
caustic  soda  (the  molar  ratio  of  the  caustic  soda  to  the  silicon  is  1:25). 

After  the  treatment,  the  product  is  washsd  and  dried.  The  viscosity  of  the 
product  is  now  5000  centistokes. 

Similar  products  are  prepared  by  the  hydrolysis  of  phenylmethyldichlorosilane; 
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before  treatment  with  NaOH  its  viscosity  is  332  centistokes,  after  treatment ,  1100 
centistokes. 


Liquid  copolymers  have  also  been  prepared  by  this  method  from  the  following 


Fig. ^9  -  Relation  between  the  Viscos¬ 
ity  of  Polysiloxane  and  Organic  Lubri¬ 
cants  and  the  Rotary  Speed  of  a  Fric¬ 


tional  Connection: 

1  -  Mineral  oil  (initial  viscosity 
46,000  centistokes);  2  -  Polymethyl- 
siloxane  (initial  viscosity  12,500 
centistokes);  3  -  Mineral  oil  (initial 
viscosity  2000  centistokes);  4  -  Poly- 
met hylailoxane  (initial  viscosity  1000 
centistokes) 

a)  Rotary  speed,  rpm; 

b)  Viscosity,  poises 


products:  phenylmethyldiethoxysilane  + 

SiCl  ;  phenylmethyldiethoxysilane  ♦  di- 

4 

met hyldiethoxy silane;  phenylmethyldi- 
chloroailane  ♦  phenyldimethylchlorosil- 
ane;  phenylethyldichlorosilane  ♦  tetra- 
ethoxysilane;  ethyltrichlorosilane  ♦ 
diethyldichlorosilane  and  dimethyldieth- 
oxy silane. 

A  copolymer  consisting  of  40  mols 
of  polyphenylethylcyclosiloxane 
(CfcHjCgHjSiO)^,  49  mols  of  polydimethyl- 
cyclosiloxane  [(CH^)2SiO]n  and  11  mols 
of  trimethylsilanol  (CH^)^SiOH,  is  rec- 
onmended  for  use  as  a  lubricant. 

The  viscosity  of  polyorganosiloxane 
liquids  is  considerably  less  dependent 
on  the  rotary  speed  than  that  of  organic 
liquids. 

Figure  49  shows  the  relation  be¬ 


tween  the  viscosity  of  lubricants  of  organic  and  polyorganosiloxane  liquids  and  the 
rotary  speed  of  a  frictional  connection. 

Polyorganosiloxane  oils  have  very  valuable  properties.  They  are  inert,  remain 
unchanged  in  the  presence  of  oxygen  and  of  the  metals  and  plastics  used  in  technol¬ 
ogy.  They  do  not  change  color  in  the  presence  of  atmospheric  oxygen  at  temperatures 
up  to  250°C.  In  the  absence  of  atmospheric  oxygen,  for  instance,  in  a  closed  or 
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evacuated  space  the  oil  does  not  change  its  color  even  at  considerably  higher  temp¬ 
eratures.  The  use  of  inhibitors  increases  the  resistance  of  the  oils  to  oxidation 

o 

by  atmospheric  oxygen.  The  polyorganosiloxane  oils,  when  heated  up  to  150  C,  show  no 
effect  or.  copper,  bronze,  brass,  aluminum,  magnesium,  iron,  steel,  tin,  lead,  cad¬ 
mium  or  chromium.  In  turn,  these  metals  do  not  act  on  the  oils.  The  oils  are  rela¬ 
tively  inactive  with  respect  to  weak  solutions  of  acids  and  alkalies,  but  they  do 
react  with  concentrated  alkalies  and  acids.  Owing  to  the  combination  of  these  prop¬ 
erties,  the  polyorganosiloxane  oils  find  widespread  application  as  hydraulic  fluids, 
shock-absorber  fluids,  oils  for  vacuum  pumps,  as  well  as  lubricating  oils;  and 
greases,  etc.,  are  also  manufactured  from  them  (Bibl.66). 

Polyorganosiloxane  Resins 

The  composition  and  structure  of  the  molecules  from  which  organosilicon  resinr 
are  prepared  predetermine  the  characteristic  features  of  their  properties.  Thus  the 
heat-resisting  qualities  of  organosilicon  resins  depend  on  the  size  and  nature  of 
the  organic  radical  (Bibl.67).  For  example,  polymers  containing  aromatic  radicals 
have  greater  thermal  stability  than  polymers  containing  aliphatic  radicals.  The  ra¬ 
tio  between  the  rnnber  of  organic  radicals  in  a  resin  to  the  maber  of  silicon  atoms, 
the  degree  of  polycondensation,  and  the  structure  of  the  polymer,  all  have  a  great 
influence  on  the  elasticity  of  the  resin.  An  increase  in  the  msaber  of  radicals  in 
the  molecules  of  the  starting  organosilicon  cospounds  (up  to  the  ratio  R/Siv2)  fa¬ 
vors  the  production  of  resins  having  good  elasticity. 

The  degree  of  condensation  of  the  product  and  the  structure  of  the  polymer  ob¬ 
tained  are  of  the  greatest  importance.  The  elasticity  of  a  linear  polymer  increases 
with  its  average  molecular  weight.  The  elasticity  of  linear  polymers  is  higher  than 
that  of  space  polymers,  but  if  a  linear  polymer  has  a  very  small  msaber  of  side 
bonds  to  a  large  mmber  of  units  in  the  chain,  then  the  elasticity  of  the  resin  will 
be  sharply  increased. 

In  the  initial  stage  of  condensation,  resins  are  soluble  in  organic  solvents. 
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They  are  readily  soluble  in  alcohols,  in  benzene,  toluene,  ethyl  acetate,  amyl  ace¬ 
tate,  dichloroethane,  and  acetone,  and  in  mixtures  of  these  solvents.  As  the  degree 
of  condensation  of  the  products  increases,  their  solubility  in  the  alcohols  dimin¬ 
ishes,  but  their  solubility  in  aromatic  hydrocarbons  and  in  mixtures  of  such  hydro¬ 
carbons  with  higher  alcohols  remains  unaffected  and  is  even  somewhat  improved. 

The  solubility  of  resins  of  the  same  degree  of  condensation  increases  with  the 
size  of  the  organic  radical.  The  degree  of  condensation  and  the  polymeric  structure 
exert  a  great  influence  on  the  solubility  of  resins.  As  a  rule,  the  solubility  of 
resins  decreases  with  increasing  degree  of  condensation.  The  solubility  falls  with 
particular  sharpness  on  the  formation  of  polymers  with  a  three-dimensional  structure 

The  oxidation  of  the  higher  polyalky lsiloxanes  is  considerably  more  rapid  than  • 
that  of  the  lower  ones.  The  rate  of  cleavage  of  the  alkyl  groups  from  the  siloxane 
chain  by  means  of  oxidation  may  be  best  measured  by  the  time  taken  by  the  polymer  to 
crumble  and  disintegrate  at  a  specified  temperature.  Polymethylsiloxane  has  a  high 
heat  resistance  at  200°C,  while  polyamylsiloxane  crumbles  and  disintegrates  rela¬ 
tively  fast  at  this  temperature.  The  benzyl  radical,  like  the  butyl  and  amyl  radi¬ 
cals,  is  cleaved  from  the  silicon  more  readily  than  the  methyl  radical  during  oxida¬ 
tion.  The  phenyl  radical  is  very  firmly  bound  to  the  silicon  atom.  Resins  with  mole¬ 
cules  containing  the  phenyl  radical  possess  high  thennal  stability.  They  are  oxi¬ 
dized  with  considerably  greater  difficulty,  and  require  more  severe  conditions  to 
detach  the  phenyl  radical  by  oxidation. 

The  attachment  of  a  second  phenyl  radical  to  a  single  silicon  atom  considerably 
reduces  the  susceptibility  of  polydipheny lsiloxanes  to  the  action  of  solvents.  Poly- 
phenylsiloxane  resins  are  more  brittle  than  polymethyl  and  polyethylsiloxane  resins. 
The  polyphenylmethylsiloxanes  and  polyphenylethylsiloxanes  have  the  highest  heat- 
resisting  power,  and  at  the  same  time  also  have  the  highest  elasticity.  The  products 
of  copolymerization  of  phenylsilanetriol  and  dimethylsilanediol  or  diethylsilanediol 
have  a  higher  elasticity  than  the  products  of  cocondensation  of  phenylsilanetriol 
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with  diphenylsilanediol. 

The  polyorganosiloxane  resins  have  a  low  sensitivity  to  the  action  of  water; 
their  water  resistance  increases  with  the  size  of  the  organic  radical  entering  the 
composition  of  the  resin  molecule. 

Polymethylsiloxane  Resins 

The  hydrolysis  of  a  mixture  of  methyltrichlorosilane  and  dimethyldichlorosilane 
by  water  leads  to  the  formation  of  hydroxylcontaining  products,  which  on  heating  are 
converted  into  resins. 

To  obtain  thermoreactive  resins,  the  ratio  between  the  number  of  methyl  radi¬ 
cals  and  the  number  of  silicon  atoms  in  the  starting  mixture  must  be  less  than  2. 
Under  this  condition  the  polymers  will  have  a  network  molecular  structure.  By  vary¬ 
ing  the  ratio  between  the  methyltrichlorosilane  and  the  dimethyldichlorosilane  taken 
for  the  hydrolysis,  the  number  of  cross-linkages  between  the  molecular  chains  may  be 
varied.  This  may  be  accomplished  as  well  by  oxidation  of  the  condensation  products 
by  air  or  peroxides  (Bibl.68).  In  particular,  polymethylsiloxane  resins  containing 
three-dimensional  molecules  may  be  produced  by  the  hydrolysis  of  dimethyldichloro¬ 
silane,  followed  by  oxidation  with  air  in  the  presence  of  a  catalyst,  and  in  the  pro¬ 
cess  of  polycondensation  the  composition  of  the  resin  may  be  brought  to  the  desired 
R/Si  ratio. 

Polymers  (resins)  with  a  network  structure  may  also  be  prepared  by  hydrolysis 

of  a  mixture  of  dimethyldichlorosilane  and  methyltrichlorosilane  or  SiCl  ,  followed 

U 

by  polycondensation  of  the  hydrolysis  products.  In  this  case,  the  desired  R/Si  ratio 
in  the  resin  may  be  attained  by  selection  of  the  proper  quantities  of  the  components 
of  the  mixture,  without  using  oxidation,  since  the  cross-linked  structure  is  obtained 
on  account  of  the  structural  units  formed  by  methyltrichlorosilane,  and  not  by  oxi¬ 
dation  of  part  of  the  methyl  groups,  as  in  the  first  method. 

The  method  of  oxidation  has  the  advantage  over  the  method  of  cohydrolysis  of 
not  requiring  the  use  of  solvents  during  the  hydrolysis.  The  second  method  requires 
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the  hydrolysis  to  be  conducted  in  the  presence  of  solvents  capable  of  dissolving 
both  the  products  of  hydrolysis  and  the  resin  produced  as  a  result  of  hydrolysis  and 
condensation.  In  the  absence  of  solvents,  and  with  a  small  amount  of  water,  a  high 
concentration  of  HC1  will  be  obtained,  which  leads  to  the  coagulation  of  the  resin. 

Preparation  of  polymethylsiloxane  resins  (Bibl.69).  1.  A  mixture  of  181  parts 
by  weight  of  butanol  and  139  parts  by  weight  of  methylchlorosilanes  is  boiled  1.5 
horn's  under  a  reflux  condenser,  until  the  evolution  of  HC1  has  ceased.  After  the  mix¬ 
ture  has  cooled,  325  parts  of  water  are  added  to  it,  and  it  is  heated  3  hours.  The 
oil  so  obtained  is  separated  from  the  water  layer.  If  the  methylchlorosilane  taken 
for  the  hydrolysis  contains  very  little  trimethylchlorosilane  (chlorine  content 

63.65I) ,  then  the  resin  formed  from  the  oil  so  separated  hardens  in  3  hours  at  190°C, 

0 

forming  a  flexible  film  that  is  heat-resisting  at  200  C. 

2.  A  solution  of  100  g  of  methylchlorosilanes  in  70  g  of  toluene  is  poured  dur¬ 
ing  a  period  of  5  min.,  with  stirring,  into  a  mixture  of  200  g  of  ice,  70  g  of  water, 
and  70  g  of  butanol.  The  stirring  is  continued  for  10  min.  more.  The  temperature 
rises  during  the  hydrolysis  to  50°C.  The  hydrolysis  product  is  then  condensed  or 
used  in  the  uncondensed  fora.  The  cohydrolysis  of  5*5  mo Is  of  a  dialky ldichloro- 
silane  with  not  more  than  1*5  mols  of  SiCl^  may  be  conducted  by  the  same  method. 

3.  A  mixture  of  90  parts  of  dimethyldiethoxysilane,  10  parts  of  met hyltri eth¬ 
oxy  si  lane,  and  100  parts  of  a  mixture  of  ethanol  and  HC1  (in  ratio  1:1),  is  heated  K 
hours  in  a  flask  with  a  reflux  condenser.  Then  10  parts  of  trimethylethoxysiloxane 
is  dropwlse  added,  and  the  heating  is  continued  for  another  hour.  The  product  i3 
washed  and  the  low-molecular  substances  are  removed  from  it  by  distillation  up  to 
230°C.  The  viscosity  of  the  product  so  obtained  is  45*5  centistokes  at  25°C.  Gela¬ 
tion  of  the  resin  takes  place  on  heating  256  hours  at  200°C.  If  the  trimethyleth- 
oxysilane  is  added  to  the  mixture  before  hydrolysis,  then  the  end-product  will  have 
a  viscosity  of  21*9  centistokes,  and  gelation  will  occur  on  heating  63  hours  at 
200°C. 
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Polymethylsiloxane  products  prepared  from  methylchlorosilanes  (CHy'Si  ratio  1.2; 
1.3;  1.4  and  1.5)  Immediately  after  hydrolysis  are  colorless  liquids  of  sp.gr.  from 
1.20  to  1.06.  The  time  required  for  them  to  harden  at  100°C  ranges  from  2  to  24 
hours. 

The  refractive  index  of  the  resin  is  in  linear  relation  with  its  content  of 
methyl  groups. 

Resins  with  a  CH^/Si  ratio  less  than  1.2  are  tacky  and  sirupy  liquids,  which 
harden  at  room  temperature,  or  on  moderate  heating,  into  a  solid  brittle  glassy  mass. 
At  a  CH^/Si  ratio  over  1.7  (in  the  products  to  be  hydrolyzed),  oily  products  are  ob¬ 
tained,  which  are  converted  into  soft  gels  after  heating  a  few  days  or  weeks  at 

200°C  (Eibl.70). 

All  polymethylsiloxane  resins  have  a  high  thermal  stability  and  good  resistance 
oxidation.  Specimens  of  polymerized  resins,  heated  to  550°C  in  vacuo  or  to  500°C 
a.  a  stream  of  hydrogen,  are  not  disintegrated  and  do  not  fuse  for  a  long  time. 
Keating  the  resins  in  air  at  200°C  causes  no  appreciable  disintegration,  while  at 
3U0°C  it  leads  to  slow  oxidation. 

On  the  thermal  decomposition  of  polymethylsiloxanes  no  carbonaceous  residues 
are  formed  (that  is,  there  is  no  charring),  which  encourages  their  use  for  electri¬ 
cal  insulation  under  conditions  where  a  corona  discharge  may  occur,  or  in  high  ten¬ 
sion  fields. 

Polymethylsiloxane  resins  have  the  following  dielectric  properties: 

Dielectric  constant 

at  26°C  3.7 

at  56°C  3.6 

Tangent  of  dielectric  loss  angle  at  60  cycle  frequency 
at  26°C  0.006 

at  56°C  0.0045 
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Polyethylsiloxane  Resins 


The  polyethylsiloxane  resins  possess  higher  solubility,  less  hardness,  and  less 
tendency  to  polymerization,  than  the  polymethylsiloxane  resins.  To  obtain  hard,  in¬ 
fusible  and  insoluble  polyethylsiloxane  resins,  the  polymers  must  contain  a  smaller 
number  of  ethyl  radicals  per  silicon  atom  than  there  are  methyl  groups  in  the  poly- 
methylsiloxane  resins.  The  optimum  C2H5/Si  ratio  in  the  polyethylsiloxane  resins 
lies  in  the  range  from  0.5  to  1.5. 

If  this  ratio  is  lower  than  0.5,  then  the  resin  polymerizes  rapidly,  turning 
into  a  glassy  product  that  easily  disintegrates  at  high  temperatures.  Such  resins 
have  a  highly  branched,  cross-linked  structure,  and  become  insoluble  already  at  the 
early  stages  of  condensation,  which  makes  their  utilization  difficult.  The  excessive 
shrinkage,  owing  to  the  relatively  large  quantities  of  water  liberated  during  the 
course  of  the  condensation,  causes  internal  stresses  making  the  mass  of  the  resin 
brittle  and  weak,  and  leads  to  its  disintegration . 

If  the  CjHj/Si  ratio  in  the  polymer  is  over  0.5,  then  such  a  polymer  will  have 
a  resinous  appearance  and  will  have  little  resemblance  to  brittle  glass.  With  in¬ 
creasing  value  of  this  ratio,  the  softness  and  elasticity  of  the  polymer  increase. 

Polymers  with  a  C^/Si  ratio  of  1  to  1.5  are  plastic.  They  are  more  difficult 
to  convert  into  the  hard  state,  requiring  the  use  of  catalysts.  Polymers  with  two 
ethyl  radicals  attached  to  a  single  silicon  atom  are  typical  elastomers. 

The  resins  prepared  from  ethyl-substituted  esters  of  orthosilicic  acid  and 
ethylchlorosilanes  have  been  studied  in  greater  detail. 

The  relationship  between  the  viscosity  and  molecular  weight  of  the  polydiethyl- 
siloxanes  has  been  established.  For  this  purpose,  polydiethylsiloxanes  were  sub¬ 
jected  to  repeated  fractionation  under  high  vacuum  or  to  repeated  fractional  disso¬ 
lution  and  precipitation,  resulting  in  fractions  consisting  of  molecules  of  approxi¬ 
mately  the  same  degree  of  condensation. 

The  constant  Kn  entering  into  the  equation  of  viscosity  has  been  determined 
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for  them 


This  constant,  for  the  -Si-0-  unit  of  the  chain  (Bibl.75)  in  alcohol  is 

I 

C2H5 

1.45  *  10~S  in  benzene  it  is  1.43  x  10"^. 

Using  this  constant,  the  variation  of  the  average  values  of  the  molecular 
weight  of  polyethylsiloxanes  was  studied,  both  in  the  process  of  the  reaction  of 
formation  of  low  molecular  products  and  in  the  process  of  formation  of  high  molecu¬ 
lar  products. 

The  viscnsimetric  determinations  of  the  molecular  weight  of  resins  prepared 
from  diethyldiethoxysilane,  after  the  action  of  1,  1.5*  2,  and  5  mols  of  water,  show 
that  the  average  molecular  weight  as  a  rule  increases  with  the  quantity  of  water 
taken  in  the  reaction.  Figure  50  shows  the  relationship  between  the  average  molecu¬ 
lar  weight  of  polycondensation  products  obtained  from  diethyldiethoxysiloxane  and 
the  quantity  of  water  taken  for  the  hydrolysis. 

It  will  be  clear  from  Fig. 50  that  the  average  molecular  weight  of  the  polymer 
after  10  hours  of  condensation  is  3700.  The  conduct  of  the  reaction  for  a  longer 
period  leads  tr  the  formation  of  higher  molecular  products  with  an  average  molecular 
weight  of  about  6000  (Fig. 51). 

The  increase  of  the  average  molecular  weight  is  slowed  as  the  condensation 
deepens.  This  will  be  seen  from  the  slope  of  the  curve.  The  slowing  in  the  rise  of 
the  average  molecular  weight  on  prolonged  condensation  is  due  to  the  decrease  in 
the  number  of  reacting  particles,  and  to  the  decrease  in  the  mobility  in  the  mole¬ 
cules  owing  to  the  increased  viscosity  of  the  polymer. 

The  relatively  low  average  molecular  weight  of  the  above  resins  is  explained 


by  the  fact  that  they  were  prepared  under  conditions  when,  during  the  process  of 
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the  reaction,  the  alcohols  liberated  on  the  hydrolysis  of  the  ethoxy  end  groups  were 
not  removed,  but  remained  in  the  reaction  medium.  The  action  of  aqueous  alcohol  on 
diethyldiethoxysilane,  with  simultaneous  removal  of  the  alcohol  formed  during  con¬ 
densation,  leads  to  the  formation  of  products  with  considerably  higher  average  mo¬ 
lecular  weight. 

On  fractionation  of  polydiethylsiloxane  resin  by  dissolving  it  in  various  sol¬ 
vents,  followed  by  fractional  precipitation,  nonuniform  fractions  were  obtained. 


os  a  a  u  jo  »  * 

A) 


Fig. 50  -  Relation  of  the  Molecular 
Weight  of  the  Hydrolysates  of  Diethyl¬ 
diethoxysilane  to  Time  of  Condensa¬ 
tion,  and  to  Quantity  of  Water  Taken 
for  the  Hydrolysis  of  1  mol  of  di¬ 
ethyldiethoxysilane  : 

1-1  mol  of  water;  2-1.5  mola  of 
water;  3-2  mols  of  water;  U  -  mols 
of  water 

a)  Time  of  condensation,  hours; 

b)  Molecular  weight 


Fig. 51  -  Relation  between  Molecular 
Weight  and  Time  of  Condensation 

a)  Time  of  condensation,  hours; 

b)  Molecular  weight 

The  difference  in  the  solubility 
and  other  physical  properties  between 
the  individual  members  of  the  homolo¬ 
gous  polymer  series  of  polyethylsilox- 
anes  is  exceptionally  small,  and  it  de¬ 
creases  with  lengthening  molecular 


chain.  This  circumstance  makes  it  prac¬ 
tically  .impossible  to  separate  completely  uniform  individual  polydiethylsiloxane 
compounds.  Thus,  even  after  28  precipitations  of  a  resin  (resin  with  average  molec¬ 
ular  weight  of  2628  and  average  degree  of  polycondensation  25),  it  was  not  possible 
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to  isolate  an  individual  product.  The  separation  of  the  resin  into  fractions  was 
performed  by  its  fractional  precipitation  by  petroleum  ether  from  a  benzene  solution 
Table  93  gives  the  results  of  the  study  of  the  fractions  of  a  resinous  product 
of  average  molecular  weight  262 8. 

Table  93 

Characteristics  of  Fractions  Obtained  from  a  Resin  of  Molecular  Weight  2628 


Fraction 
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1  1742 

17  ! 

5,29 

4,16 
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4 
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4 
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1 

5 
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17 
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5060 

Table  %  gives  the  results  of  a  study  of  the  fractions  of  a  resinous  product 
of  average  molecular  weight  6282. 


Table  % 

Characteristics  of  Fractions  Obtained  from  a  Resin  of  Molecular  Weight  6282 
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It  may  be  concluded  from  these  experimental  data  that  the  resins  prepared  from 
diethyldiethoxysilane  consist  mainly  of  a  mixture  of  molecules  of  the  following 
type: 
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C*Hj 

CjH|0  —  Si— 0— 


C.H, 

-Si-OC.Hj 


C.H. 


L  c,H, 


C,H, 


Consequently,  when  hydrolysis  is  conducted  in  «  neutral  medium,  using  an  amount  of 
water  close  to  the  theoretical,  practically  no  formation  of  cyclic  polymers  is  ob¬ 
served. 

In  studying  the  process  of  formation  of  resins  from  diethyldichlorosilane  and 
diethylsilanediol,  the  viscosimetric  method  was  also  used  to  determine  the  average 
molecular  weight  of  the  polymer.  The  constant  »  1.45  *  hH*,  determined  previ¬ 
ously  for  the  products  of  hydrolysis  and  condensation  of  diethyldiethozysilane,  was 
used  to  calculate  the  molecular  weight  of  the  polymer  formed.  The  resins  examined 
were  prepared  from  diethyldichlorosilane  fay  treating  it  with  3  mols  of  water  at  85°C, 
and  from  diethylsilanediol  by  treating  it  3  hours  at  85°C. 

The  molecular  weight  was  determined  both  for  the  end  product  and  during  the 
process  of  polycondensation  of  the  resin. 

After  10  hours  of  condensation,  the  molecular  weight  of  a  resin  from  diethyl¬ 
silanediol  reaches  5400,  and  that  of  a  resin  from  diethyldichlorosilane  4650;  fur¬ 
ther  condensation  leads  to  the  formation  of  product  difficultly  soluble  in  the  usual 
solvents. 

By  fractional  dissolution  of  the  resin  prepared  from  diethylsilanediol,  two 
fractions  could  be  separated  (cf.  Table  95)* 


Table  95 

Characteristics  of  Fractions  of  Basins  Prepared  from  Diethylsilanediol 


Fraction 
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Here,  as  in  the  preparation  of  the  products  of  hydrolysis  and  condensation  of 
diethyldiethoxysilane,  the  values  of  the  molecular  weight  determined  viscosimetri- 
cally  and  chemically  are  in  good  agreement.  This  indicates  the  linear  structure  of 
the  molecules  entering  into  a  composition  of  the  resin. 


Resins  from  Ethyltriethoxysilane 

In  studying  the  structure  and  molecular  weight  of  the  resins  obtained  from 

ethyltrietho^silane,  the  viscosimetric  and  chemical  methods  were  also  used,  but, 

as  was  to  be  expected,  the  viscosimetric  method  gave  less  satisfactory  results.  This 

is  probably  to  be  explained  by  the  fact  that  the  hydrolysis  of  ethyltriethoxysilane 

leads  to  the  formation  of  both  branched  and  network  molecules. 

The  determination  of  K  for  the 

M 

product  of  hydrolysis  and  condensation 

of  ethyltriethoxysilane  was  performed  on 

samples  prepared  by  the  hydrolysis  of 

ethyltriethoxysilane  by  small  amounts  of 
% 

water.  The  fractions  were  separated  by 
distillation  in  high  vacuum  (Bibl.7l). 
The  small  amounts  of  water  were  taken 
with  the  object  of  preventing  the  forma¬ 
tion  of  branched  molecules. 

The  elementary  unit  of  the  polymer 


Fig. 52  -  Molecular  Weight  of  Hydroly¬ 
sates  of  Bthyltriethoxysilane  vs.  Time 
of  Condensation  and  vs.  Quantity  of 
Water  taken  for  Hydrolysis  of  1  sol  of 


Ethyltriet  hoj^silane : 

1-1  mol  of  water;  2  -  1.5  mole  of 
water;  3-2  sols  of  water; 
a)  Time  of  condensation,  hours; 


chain  formed,  -Si  -0-,  has  the  molecular 

I 

OC2H5 

weight  of  118. 


b)  Molecular  weight 

condensation  of  ethyltriethoxysilane  in  bensene. 


For  the  products  of  hydrolysie  and 


K  -  1.75  *  10“\  and  in  alcohol 


1^  -  1.57  *  lcH*. 
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A  viscosimetric  study  of  the  average  molecular  weight  of  the  products  obtained 
on  treatment  of  one  gram-molecule  of  ethyltriethoxysilane  with  1,  1.5,  2,  and  3  mols 
of  water,  shows  that  the  molecular  weight  Increases  with  the  amount  of  water  taken 
in  the  reaction  (Fig. 52).  The  increase  of  the  average  molecular  weight  in  unit  time 
decreases  as  the  process  of  condensation  deepens.  It  should  be  noted  that,  with  in¬ 
creasing  quantity  of  water  taken  for  the  hydrolysis  of  ethyltriethoxysilane,  the 
value  of  the  average  molecular  weight  of  the  condensation  product,  determined  vis- 
coslmetrically,  is  somewhat  lower  than  the  average  molecular  weight  of  the  resins 
prepared  from  diethyldiethoxysilane  under  the  same  conditions,  while  the  rate  of  hy¬ 
drolysis  for  ethyltriethoxysilanes,  as  had  been  shown  previously,  is  considerably 
higher.  This  discrepancy  is  explained  by  the  formation  of  branched  molecules  during 
the  hydrolysis  and  condensation  of  ethyltriethoxysilane . 

Table  96  gives  the  characteristics  of  the  fractions  prepared  from  such  resins. 


Table  96 

Characteristics  of  Fractions  of  Resin  Obtained  from  Ethyltriethoxysilane 


Fraction 

WM 

1 

V 

•|  IMm 
n»«Ur  MtutkM 

fctnqt  mLwI 
(dtitrmjmt* 
iryNCepitiHy 
•a  taaKM) 

n«t .  wd'oKt 
(MimM 
hm  w'umfty) 

Avmq*  4iyw 
•f  muCrantw. 

Original  resin 
Fraction  soluble  in 
petroleum  ether 
Fraction  soluble  in 
benzene 

Fraction  sol .in 
ethanol 

15 

2 

48 

6,5 

0,098 

0,084 

0,110 

0,152 

2128 

1935 

2671 

3812 

2080 

1783 

2035 

3127 

17—18 

16 

22 

32 

The  initial  products  of  hydrolysis  and  condensation  of  ethyltriethoxysilane  are 
readily  soluble  in  alcohol,  benzene,  alcohol-benzene  mixtures,  and  toluene,  but 
their  solubility  decreases  with  increasing  degree  of  condensation  of  the  products. 

On  heating,  they  easily  undergo  further  condensation,  owing  to  the  free  hydroxyl 
groups.  They  undergo  further  condensation  with  particular  ease  when  the  heating 
takes  place  with  access  of  air  and  moisture. 
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A  number  of  substances  may  be  used  as  catalysts  of  the  process  of  hardening  the 
resins.  Such  compounds  include  esters  of  boric  acid,  substituted  orthoborates,  anti¬ 
mony  halides,  metallic  oxides,  phosphorus  halides  and  ojqrhalides,  sulfuric  acid,  bo¬ 
ron  halides,  amines,  activated  aluminum,  and  activated  silica  gel.  The  amount  of 
catalyst  may  range  from  0.1  to  50%  of  the  weight  of  the  resins.  When  dimethylsilane- 
diol  is  mixed  with  half  the  volume  of  ethyl  borate  and  the  mixture  is  heated  to 
190°C,  a  hard  polymer  is  formed  in  10  minutes,  while  without  ethylborate,  a  few 
hours  are  necessary  for  the  resin  to  harden.  Liquid  polymethylsiloxane,  mixed  with 
20%  by  volume  of  ethyl  borate,  hardens  on  heating  to  170°C  for  30  minutes,  while 
without  ethyl  borate  this  product  is  hardened  under  similar  conditions  only  in  a 
period  of  several  days. 

The  use  of  the  esters  of  boric  acid  as  catalysts  in  preparing  resins  for  elec¬ 
trotechnical  articles  is  recommended.  The  use  of  alkyl  borates  is  recommended  as 
catalysts  for  the  polymerization  of  alkylsilanols,  and  that  of  aryl  borates  for 
arylsilanols. 

The  influence  of  the  catalyst  on  the  rate  of  hardening  of  polymethylsiloxane 
will  be  seen  from  the  following  data. 


Temperature,  °C 

Time  of  Hardening 

Without  Catalysts 

175 

15  Days 

Antimony  Pentachloride 

15-20 

Immediately 

Sulfuric  Acid 

15-20 

Imnediately 

Diethylamine 

120 

1  Hour 

Polyoreanosiloxane  Resins  Containing  Higher  Organic  Radicals 

The  hydro lyzates  of  propylchlorosilanes,  butylchlorosilanes ,  amylchlorosilanes, 
and  hexylchlorosilanes,  or  of  propyl,  butyl,  amyl,  and  hexyl-substituted  esters  of 
orthosilicic  acid  in  the  initial  stage,  are  colorless  or  yellow  viscous  liquids. 
These  liquids  on  heating  form  resins  capable  of  conversion  into  infusible  products. 
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The  ability  of  these  resins  to  pass  into  the  infusible  state  depends  on  the  reac¬ 
tion  condition  and  on  the  R/Si  ratio.  With  decreasing  ratio  between  the  number  of 
radicals  and  the  number  of  silicon  atoms,  the  rate  of  hardening  of  the  resins  in¬ 
creases*  The  size  of  the  organic  radical  has  a  substantial  influence  of  the  proper¬ 
ties  of  the  resins. 

Polyalky lsiloxanes  of  the  type  (RSiO^  ^)x,  which  are  formed  by  hydrolysis  of 
alkyltrichlorosilanes  or  mono-substituted  esters  of  orthosilicic  acids,  are  infusible 
glassy  polymers.  Among  them,  the  polypropylsiloxanes  are  insoluble.  The  polyamylsil- 
oxane  resins  will  be  soluble  in  ether  and  benzene,  if  the  hydrolysis  was  run  with  in¬ 
sufficient  water,  and  the  hydrolysates  will  contain  linear  polymers  of  the  type 

[RSi(OR)]  .  On  complete  hydrolysis,  stable  polymers  suitable  for  use  as  lacquers 
n 

are  formed. 

The  heat-resisting  properties  of  organosilicon  resins  are  considerably  better 
than  those  of  organic  resins,  and  depend  on  the  size  of  the  organic  radical.  With 
the  growth  of  this  radical,  the  heat  resistance  diminishes.  With  one  and  the  same 
radical,  the  heat  resistance  of  the  resin  increases,  according  to  Martens  (Bibl.75) 
with  the  Si/R  ratio. 

Polvarvlailoxane  Resina 

On  the  hydrolysis  of  diphenyldichlorosilane.  in  contrast  to  the  hydrolysis  of 
dimethyl-  or  diethyldichlorosilane,  crystalline  products  are  easily  formed.  The  hy¬ 
drolysis  of  diphenyldichlorosilane  in  cold  water  in  the  presence  of  a  solvent  leads 
to  the  formation  of  diphenylsilanediol,  which  may  be  recrystallized  and  prepared  in 
the  pure  form  with  a  melting  point  of  1A3°C.  If  the  crystals  are  dissolved  in  ether 
and  heated  with  a  small  amount  of  concentrated  HC1,  then  hexaphenylcyclotrisiloxane, 

[(C,H  )  SiO]  ,  is  formed  in  high  yield. 

6  5*  3 

If  the  diphenylsilanediol  is  dissolved  in  boiling  alcohol  and  a  few  drops  of 
aqueous  alkali  are  added  to  the  solution  so  obtained,  then,  after  cooling,  crystals 
of  octaphenylcyclotetrasiloxane  are  thrown  down,  which  are  easily  separated  from 
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the  liquid.  Evidently  in  the  presence  of  powerful  bases  the  tetramer  is  formed  al¬ 
most  exclusively  during  the  condensation  of  diphenylsilanediol,  while  strong  acids 
condense  this  monomer  only  to  the  timer.  If  diphenyldichlorosilane  is  hydrolyzed 
incompletely,  for  instance  tinder  the  action  of  only  a  quarter  of  the  amount  of  water 
necessary  for  complete  hydrolysis,  then  a  number  of  dichloropolydiphenylsiloxanes 
are  formed;  among  them,  dichlorotetraphenyldisiloxane  and  dichlorohexaphenyltrisil- 
oxane  have  been  isolated  in  the  form  of  cry ltal line  substances.  These  substances, 
being  soluble  in  a  mixture  of  alcohol  and  the  hydrocarbon,  are  hydrolyzed  very 
slowly,  and  fora  the  corresponding  dihydroxypoly diphenyl siloxanes  under  the  action 
of  cold  water.  As  a  result  of  the  cohydrolysis  of  phenyldichlorosilane  with  di¬ 
phenyldichlorosilane  in  an  acid  medium,  oily  liquids,  or  liquids  containing  a  cer¬ 
tain  quantity  of  crystals,  are  formed.  An  elevated  temperature  during  the  hydrolysis 
and  a  strongly  acid  medium  favor  the  formation  of  oils  with  a  high  content  of  crys¬ 
talline  substances  (cyclic  phenylhydroxysiloxanes). 

Oils  not  containing  crystalline  products  or  containing  only  a  small  amount  of 
them,  are  easily  converted  into  resins  on  heating.  Oils  containing  a  large  quantity 
of  crystals  fora  waxy  products  on  heating,  possessing  the  sharp  transition  from  the 
solid  to  the  liquid  state,  on  melting,  which  is  characteristic  for  waxes.  Thus, 
from  phenyltrichlorosilane  and  diphenyldichlorosilane,  according  to  the  conditions 
of  the  cohydrolysis  and  condensation  reaction,  either  resins  or  waxy  substances  can 
be  obtained. 

As  stated  above,  when  the  initial  products  of  hydrolysis  and  condensation  of 
alkylchlorosilanes  are  oxidized  by  air  at  200-300°C,  the  organic  radical  is  detach¬ 
ed  from  the  silicon  atoms,  forming  aldehydes  or  acids.  The  polyarylsiloxanes  do  not 
cleave  the  phenyl  radical  under  such  conditions,  but  when  treated  by  treatment  with 
strong  hydrochloric  acid  at  170-180°Q  it  has  been  possible  to  cleave  the  aryl  radi¬ 
cals  in  the  form  of  benzene,  while  aliphatic  radicals  are  not  cleaved  by  such  treat¬ 
ment. 
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The  heating  of  the  initial  products  of  hydrolysis  and  condensation  leads  to  an 
increase  in  their  viscosity  and  to  the  formation  of  infusible  and  insoluble  resins. 

The  condensation  of  arylsilanols  can  also  be  accelerated  by  using  dehydrating 
agents. 

The  polypheny lsiloxane  waxes  and  resins  have  very  high  dielectric  properties: 


Wax 

Resin 

Tangent  of  Dielectric  Loss 

Angle  at  10^  Cycles 

0.0006 

0.003 

Dielectric  Constant 

2.6 

3.1 

The  polyphenylsiloxane  resins  burn  with  a  smoky  flame  forming  carbon  and  Si02. 

The  phenyl  radicals  are  not  cleaved  from  the  silicon  by  heating  in  air  to  LOO°C  for 

several  hours.  By  chlorination  of  the  aromatic  nucleus  in  an  arylchlorosilane .  the 

properties  of  the  polypheny lsiloxanes  prepared  from  them  may  be  sharply  modified. 

On  the  chlorination  of  phenyldichlorosilane  in  the  presence  of  catalysts,  one  or 

* 

more  chlorine  atoms  may  be  introduced  into  the  phenyl  radicals.  The  chlorophenyl- 
trichlorosilane  so  obtained  is  then  hydrolyzed,  and  the  hydrolyzates  are  subjected 
to  condensation  by  heating.  In  this  case  hard  resins  are  formed  which  melt  at  a 
higher  temperature  than  polyphenylsiloxanes,  and  have  a  higher  resistance  to  fire. 
When  three  chlorine  atoms  are  introduced  into  the  phenyl  nucleus,  the  product  com¬ 
pletely  loses  its  combustibility. 

The  chlorinated  polyphenylsiloxane  resins  possess  a  high  resistance  to  oxida¬ 
tion.  They  are  soluble  in  chlorinated  hydrocarbons  and  other  organic  solvents,  but 
their  fusibility  and  solubility  depends  on  the  degree  of  condensation.  These  resins 
have  excellent  electrical  properties,  and  the  dielectric  losses  in  them  amount  to 
only  3%  at  200°C.  Polytrichlorophenylsiloxane  has  a  resistivity  Pv  -  109  ohms/cm. 
The  dielectric  constant  increases  with  the  chlorine  content  of  the  polymer,  reaching 
3.5  at  25°C  for  polytrichloropheny lsiloxanes. 
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The  chlorophenylchlorosilanes  after  hydrolysis  are  easily  condensed  on  heat¬ 
ing  (Bibl.72). 

Method  of  preparing  polychlorophenylsiloxane  resins.  Diphenyldichlorosilane  Is 
mixed  with  a  catalyst  (0.5$  of  Iron  powder  or  0.1$  of  antimony  pentachloride)  and 
is  chlorinated  at  70-120°C  until  the  gain  in  weight  of  the  chlorinated  product  cor¬ 
responds  to  the  introduction  of  6  to  10  chlorine  atoms  into  the  molecules.  The  prod¬ 
uct  is  distilled  in  vacuo.  The  chlorinated  diphenyldichlorosilane  is  a  solid  sub¬ 
stance.  It  is  hydrolyzed  by  water  without  a  solvent.  Di-(chlorophenyl)-silanediol  is 
a  white  flocculent  mass  which  is  separated  and  washed  with  water  until  all  the  acid 
is  removed,  and  is  then  heated  at  125-150°C  until  a  colorless  liquid  is  obtained. 
Further  heating  at  175-250°C,  for  not  less  than  1  hour,  leads  to  the  formation  of  a 
resin. 

The  chlorinated  polyarylsiloxanes  may  be  combined  with  organic  resins  and  heat- 
resistant  materials  may  be  prepared  in  this  way.  These  resins  are  easily  and  well 
plasticized.  Pigmented  with  graphite,  they  are  particularly  suitable  for  coating 
metal  pipes. 

Atoms  of  fluorine,  bromine,  or  iodine  may  be  introduced  into  the  aromatic 
groups.  The  polyfluorophenylsiloxanes  are  particularly  interesting  as  heat-resistant 
resins  for  work  at  high  temperatures. 

The  chlorosilanes  used  for  preparing  resins  may  contain  chlorinated  aryl  radi¬ 
cals  in  combination  with  alkyl  radicals.  The  polynwthylchlorophenylsiloxanes,  for 
instance,  are  of  a  certain  interest;  if  the  aryl  radicals  in  them  contain  3,  4,  and 
5  chlorine  atoms,  then  such  resins  are  fire-resistant. 

Other  polyarylsiloxanes,  like  the  polyphenyl-,  polyxylyl-  and  polynaphthyl- 
siloxanes,  are  soluble  vitreous  brittle  substances. 

Polyditolylsiloxane  resin  prepared  from  ditolyldichlorosilane  is  a  low-melting, 
hard,  brittle  substance  soluble  in  acetones,  hydrocarbons,  and  chlorinated  hydro- 
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carbons.  The  high-polymer  product  of  condensation  of  p-tolylailanetriol  is  soluble 
in  aromatic  hydrocarbons. 

The  polyphenoxyphenylsiloxanes  particularly  are  extremely  important  resinous 
products  which  may  be  prepared  from  the  p-bromodiphenyl  ester  by  the  action  of  a 
Grignard  reagent.  The  large  size  of  the  phenoxyphenyl  radicals  affects  the  rate  of 
condensation.  These  products  are  condensed  very  slowly,  and  only  prolonged  heating 
converts  the  cxystalline  mass  into  high-polymer  polysiloxanes.  Polymers  containing 
one  phenoxyphenyl  radical  per  silicon  atom  are  hard, brittle  resins  of  a  brownish 
color,  having  high  resistance  to  heat  and  good  dielectric  properties.  These  resins 
may  be  made  fire-resistant  by  using  organochlorosilanes  with  one  or  two  chlorinated 
phenyl  nuclei  in  their  production. 

Polyalky larvlsiloxano  Resins 

As  already  stated  above,  the  poly  ally  lsiloxanes  with  a  high  R/Si  ratio  are  oily 
liquids  or  elastic  polymers,  capable  of  polymerization  on  heating.  These  products 
possess  good  adhesive  properties.  The  optimum  R/Si  ratio  for  polymethylsiloxane  is 
1.5,  and  for  polybutyl-  or  polybenzylsiloxane ,  1.0.  Polyarylsiloxanes  with  high 
R/Si  ratios  are  brittle,  vitreous,  soluble,  and  fusible  products.  This  shows  that, 
on  the  hydrolysis  of  arylhydroxysilanes,  cyclic  products  which  form  three-dimen¬ 
sional  molecules  only  with  difficulty  are  formed.  Polyarylsiloxane  resins  are  too 
brittle  for  use  as  coatings  or  impregnating  agents.  Studies  have  shown  that  the 
properties  of  both  types  of  resins  may  be  combined  by  preparing  them  from  monomers 
containing  alkyl  and  aryl  radicals  attached  to  one  and  the  same  silicon  atom,  or  by 
cocondensation  of  alkyl  and  aryl  hydroxysiianes .  The  copolymer  formed  in  the  latter 
case  contains  alkyl  and  aryl  radicals  attached  to  different  silicon  atoms.  The 
method  of  cocondensation  makes  it  possible  to  obtain  more  elastic  products  and  al¬ 
lows  various  proportions  between  the  alkyl  and  aryl  radicals  to  be  selected.  In 
this  way  products  with  highly  graduated  properties  may  be  obtained.  Such  resins 
possess  high  elasticity,  thermoplasticity,  and  mechanical  strength.  Certain  poly- 
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alkylarylsiloxanes  have  a  mechanical  strength  and  hardness  exceeding  these  charac¬ 
teristics  for  polyalkyl-  or  polyary  lsiloxanes. 

Preparation  of  polyalkylaryi«i'iftyftn»B  (Bibl.73).  The  initial  products  obtained 
as  a  result  of  the  hydrolysis  of  a  solution  of  methylphenyldichlorosilane  in  toluene 
at  30-U0°C  are  heated  30  minutes  with  125°C  to  remove  the  toluene,  and  then  for 
12-25  minutes  at  175°C.  After  such  treatment  a  soft  polymer  is  obtained,  which  sof¬ 
tens  on  heating  but  does  not  melt.  On  further  heating  a  hard  product  is  formed. 

The  resins  in  which  the  R/Si  ratio  is  close  to  1.8,  and  the  number  of  alkyl  and 
aryl  groups  is  the  same,  possess  good  elasticity,  strength  and  infusibility  in  the 
polymerized  state.  A  polymethylphenylsiloxane  resin  having  about  1.00  methyl  and 
0.80  phenyl  radicals  per  silicon  atom  has  good  dielectric  properties;  thus  a  film 
polymerized  on  glass  fiber  has  a  tangept  of  dielectric  loss  angle  of  0.001  at  60 
cycles,  and  a  dielectric  strength  of  about  32  kw/mo  at  100°C.  Such  a  resin  without 
a  filler  (in  the  form  of  a  hard  disc)  at  the  same  temperature  has  only  half  these 
dielectric  losses. 

Polydimethylphenylsiloxane  resin  applied  to  glass  fabric,  after  heating  to 
300°C  for  300  hours,  has  a  dielectric  strength  of  about  UO  kw/nm,  which  on  further 
heating  slowly  decreases.  After  heating  the  resin  for  %0  hours,  its  dielectric 
strength  is  20  kw/sn,  and  after  640  hours  this  decreases  to  a  value  approaching  the 
value  of  the  voltage  necessary  for  an  air  breakthrough,  which  points  to  the  pres¬ 
ence  of  cracks  in  the  film.  These  cracks  cannot  be  detected  by  the  naked  eye*  The 
dielectric  properties  and  abrasion  resistance  of  polymethylphenylsiloxane  are  some¬ 
what  better  than  those  of  polymethylsiloxane  resins. 

Polyethylphenylsiloxane  resins  are  prepared,  either  directly  from  ethylphenyl- 
dichlorosilane  or  pherylethyldiethoxysilane,  or  by  cocondensation  of  a  mixture  of 
hydrolyzates  of  diethyldichlorosilane  with  diphenyldichlorosilane  or  with  diphenyl- 
diethoxy  silane.  In  the  former  case  polymers  are  obtained  in  which  the  same  silicon 
atoms  are  attached  to  different  organic  radicals,  and  the  units  of  the  molecular 
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chain  have  the  following  composition; 


C*H»  C*H,  CgHj 

“O-- 

‘’••fH.  J%H,  C*H, 

and  in  the  second  case,  the  following  composition: 

C,H»  C*H»  C,H» 

-< )_i|_0— il— o-ii— o  • 

i,H,  i,H,  C»H, 

The  properties  of  the  resins  prepared  by  the  first  and  second  scheme  differ 
considerably  from  each  other.  The  resins  corresponding  in  structure  to  those  prepar¬ 
ed  by  the  first  scheme  are  more  elastic  than  those  prepared  by  the  second  scheme  for 
one  and  the  same  average  molecular  weight  and  nunber  of  phenyl  and  ethyl  radicals  to 
a  silicon  atom.  However,  the  polymers  of  both  the  first  and  second  type  do  possess 
higher  elasticity  than  the  compounds  containing  only  phenyl  radicals. 

When  resins  are  prepared  from  the  hydrolysates  of  phenylethyldichlorosllane 
(Bibl.74),  and,  in  particular,  when  triethyltriphenylcyclotrisiloxane  is  heated  and 
the  oxygen  of  the  air  is  passed  through  it,  oxygen  bonds  are  formed  between  two  or 
more  rings.  Polymers  containing  two  or  three  rings  are  oily  liquids;  polymers  con¬ 
taining  a  larger  number  of  rings  have  a  high  viscosity  and  are  resinous  substances. 

Oxygen  bonds  may  be  formed  either  by  oxidation  or  by  the  action  of  catalysts. 
Alkyl  radicals  are  usually  replaced  by  oxygen  atoms  by  means  of  oxidation,  while 
aryl  radicals  are  more  easily  cleaved  during  hydrolysis  in  the  presence  of  a  cata¬ 
lyst,  strong  HC1,  a  small  amount  of  ferrous  chloride,  aluminum  chloride,  or  sine 
chloride.  The  two  reactions  may  proceed  simultaneously.  Thus,  for  example,  for  the 
formation  of  intennolecular  oxygen  bonds  in  polyethylsiloxanes,  with  substitution 
of  the  alkyl  radical,  the  polymer  is  heated  to  200-300°C  while  air  is  passed 
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through  it.  The  liberation  of  acetaldehyde  in  this  case  shows  that  the  ethyl  radi¬ 
cals  are  gradually  oxidized  and  replaced  by  oxygen.  The  reaction  may  be  represented 
as  follows: 


C.H,  C.H, 

(n  +  2)CjH§ — Si — O — J>i — C*H|  +  4(n  +  1)0 

A-SiJ) 

*H»  C*H, 


<^H 


C*H*  C*H, 
C|H( — Si — O— li — 
i — Si — i 


Hi'CjH* 


C.H,  C,H, 

— 1 O— ii— Q—  ii— 

.LsJ) 


C.H,  C.H. 

O— ii— O-— SI~CfH|  + 

A-si-i 


+  2(»  +  lJCHgCHO  +  («  +  1)H*0 


(1) 


During  the  reaction  the  viscosity  increases,  and  after  a  few  hours  of  heating 
at  the  above  temperatures,  the  substance  becomes  very  viscous  and  tacky.  At  higher 
temperatures,  the  reaction  proceeds  more  rapidly,  but  a  considerable  loss  of  the 
product  is  observed  owing  to  its  volatilisation.  If  the  heating  of  the  viscous  mass 
is  continued  while  air  is  vigorously  passed  through  it,  it  hardens,  and  forms  an 
elastic,  non- tacky,  infusible  and  insoluble  substance,  nils  modification  of  its 
properties  is  due  to  the  formation  of  cross-links  and  to  side-branching  owing  to  the 
oxidation  of  the  ethyl  radicals.  The  modification  of  the  properties  may  perhaps  also 
be  connected  with  the  formation  of  cyclic  polymers  of  high  molecular  weight. 

To  form  intermolecular  oxygen  bonds  by  removal  of  the  aryl  radicals,  poly- 
phenylethylsiloxane  is  heated  to  170-180°Q  under  slow  dropwise  addition  of  a  solu¬ 
tion  of  HC1  to  the  reaction  mass.  The  presence  of  traces  of  ferrous  chloride  in  the 
acid  increases  the  velocity  of  the  reaction.  During  the  reaction  benzene  is  liberat¬ 
ed,  and  the  viscosity  of  the  product  gradually  increases,  indicating  the  cleavage  of 
phenyl  radicals  and  the  formation  of  Si-C-Si  linkages.  Such  a  reaction  may  be  rep¬ 
resented  by  the  following  scheme: 
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C,H, 


C,H, 


(n  +  2)C|H6 — Si— 0— Si— C*Hg  +  (n  +  l)H.O 

A— Si-0 
/  \ 

QH.QH, 


HCi 


C,n,  CjHj 
(  H I, — A  i  — 0— S  i — 

A_si_d 


/  \ 

C.H,  C.H. 


C»HS  C,H»' 

— O— A — ( ) — Si — 

(l -si— A 

/  \ 

C.H,  CjHj 


LnHg 


QH#  _  . 

— 0 — — O — Si — C$H§  4 ~2(fi  -I-  l)CgHg 

A-Si— 0 

/  \ 

C*H,  C*H» 


(2) 


If  the  heating  at  170-180°C  is  continued  in  the  presence  of  HCI,  then  the  sub¬ 
stance  becomes  viscous  and  tacky  after  a  few  hours.  In  this  state,  it  still  remains 
soluble  in  toluene.  Further  heating  to  a  higher  temperature  converts  the  product 
into  a  resinous,  elastic,  nonadhesive,  insoluble  and  infusible  polymer.  When  fer¬ 
rous  chloride  is  used  as  a  catalyst,  the  time  necessary  for  the  transition  of  the 
polymers  into  the  insoluble  state  is  considerably  shortened.  In  case  of  need,  the 
combined  reaction  may  be  conducted  by  heating  an  arylalkylchlorosilane,  for  in¬ 
stance  phenylethyldichlorosilane,  to  170-180°C  for  a  few  hours,  simultaneously  pass¬ 
ing  moist  air  and  HCI  through  the  liquid.  In  this  case  the  oxidation  of  the  ethyl 
radicals  by  the  oxygen  of  the  air,  and  the  cleavage  of  the  phenyl  radicals  as  a  re¬ 
sult  of  the  hydrolysis  due  to  the  presence  of  HCI,  both  take  place. 

Another  method  of  simultaneous  removal  of  alkyl  and  aryl  radicals  consists  in 
treating  the  initial  hydrolysates  with  nitric  acid,  which  cleaves  the  alkyl  radi¬ 
cals  as  a  result  of  oxidation,  and  the  aryl  radicals  as  a  result  of  nitration  and 
hydrolysis.  Nitrobenzene  is  obtained  as  a  by  product. 

The  results  of  analysis  and  molecular  weight  determinations  show  that  the 
resins,  in  the  soluble  stage  of  polymerization,  consist  of  linear  polymers  with  an 
average  of  four  heterocyclic  rings  in  the  molecular  chain,  which  are  shown  above 
in  eq.(l)  and  eq.(2),  with  a  degree  of  polymerization  equal  to  not  less  than  2.  The 
polymer  obtained  by  heating  phenylethyldichlorosilane  in  the  presence  of  an  HCI  so¬ 
lution  and  of  air.  contains,  according  to  the  analytical  results,  '9»5%  of  silicon 
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oxide  and  50.656  of  carbon.  Its  molecular  weight  is  1310.  In  a  polymer  whose  struct¬ 
ure  corresponds  to  eq.(2),  for  n  *  2,  and  for  molecular  weight  1386,  the  Si02  con¬ 
tent  should  be  51*9$  and  the  carbon  should  be  51.9#-  A  polymer  with  the  structure 
corresponding  to  eq.(l)  for  n  =  2  should  contain  U3,0%  of  silicon  oxide  and  60.2% 
of  carbon,  and  its  molecular  weight  would  be  167^.  On  subsequent,  more  prolonged 
polymerization,  the  size  of  the  molecules  is  increased  owing  to  addition  of  more 
heterocyclic  rings. 

On  hydrolysis  of  a  mixture  of  phenyltrichlorosilane  and  phenylethyltrichloro- 
silane  in  the  proportion  of  1  :  2  by  water  followed  by  heating  of  the  hydrolyzate 
to  170°C  by  the  above  method,  a  viscous  and  thermoplastic  polymer  is  obtained,  pos¬ 
sessing  almost  the  same  properties  as  the  polymer  prepared  by  similar  treatment  of 
phenylethyldichlorosilane  alone. 

It  may  be  postulated  that  the  dehydration  of  the  mixture  of  intermediate  hy- 
droxypolyalkylarylsiloxanes  leads  to  the  formation  of  chains  consisting  of  hetero¬ 
cyclic  rings  similar  to  those  we  have  just  described.  In  this  way  there  would  be  no 
need  for  complete  removal  of  the  phenyltrichlorosilane  from  the  phenylethyldichloro- 
silane.  A3  a  rule,  in  the  presence  of  phenyltrichlorosilane,  harder  and  more  brittle 
resins  are  formed,  since  in  this  case  the  transition  from  the  stage  at  which  they 
are  rubberlilce  and  flexible,  to  the  stage  of  complete  hardening,  proceeds  more 
rapidly. 

The  high-polymer  ethylphenylsiloxar.e  resins  have  good  dielectric  and  mechanical 
properties,  but  they  withstand  heating  in  air  only  to  a  somewhat  lower  temperature 
than  the  polymethylphenylsiloxane  resins.  The  ethyl  radicals  are  mere  easily  oxi¬ 
dized  at  high  temperatures  than  methyl  radicals  are. 

Kixed  Organic  and  Organosilicor,  Resins 

A  considerable  number  of  studies  have  leer,  devoted  to  the  preparation  of  mixed 
organic  and  oryanosilicon  resins.  These  investirations,  for  the  most  part,  have 
ueen  directed  towards  the  development  of  methods  of  cocondensation  of  monomeric  or 


F-TS-9191/V 


786 


polymeric  organosilicon  compounds  with  organic  resins  or  other  high-polymer  com¬ 
pounds.  USSR  chemists  have  prepared  cocondensation  products  of  polyester  resins  with 
esters  of  orthosilicic  acid  (Bibl.76);  of  phenol-formaldehyde  resins  with  esters  of 
orthosilicic  acid;  of  resins  from  the  condensation  products  of  urea  with  formalde¬ 
hyde  and  tetraethoxysilane  and  its  hydrolyzates  (Bibl.78);  and  cocondensation  prod¬ 
ucts  of  aniline- formaldehyde  resins  with  the  hydrolyzates  of  tetraethoxysilane 
(Bibl.79).  By  the  condensation  of  pentaphthalic  resins,  as  well  as  of  other  types 
of  glyptal  resins  with  esters  of  orthosilicic  acid  and  their  hydrolyzates,  resins 
used  in  the  manufacture  of  paint  coatings  have  been  prepared  (Bibl.80).  The  combina¬ 
tion  of  nitrocellulose  with  esters  of  orthosilicic  acid  has  led  the  formation  of 
modified  nitrocellulose  lacquers  (Bibl.8l).  The  reesterification  of  castor  oil  by 
esters  of  orthosilicic  acid  has  yielded  liquid  cocondensates  of  the  plasticizer 
type  (Pifcl.82). 

The  products  of  the  cocondensation  of  the  ethyl  ester  of  orthosilicic  acid  with 
organic  resins  have  been  described  by  G.S. Petrov  and  A.P.Kreshkov  (Bibl.83).  These 
products  are  of  a  definite  practical  interest.  R.M.Erastova  (Bibl.8l)  has  made  stud¬ 
ies,  in  order  to  prepare  lacquers,  of  the  introduction  of  esters  of  orthosilicic 
acid  into  the  fatty  oils  and  glyptal  resins. 

The  use  of  the  esters  of  orthosilicic  acid  (ethyl-silicates)  as  film-forming 
substances  both  independently  and  in  combination  with  other  organic  resins  has  been 
studied  (Eibl.85). 

The  pigments  that  are  most  suitable  for  such  lacquers  are  titanium  oxide,  Ve¬ 
netian  red,  black  ilmenite,  golden  ochre,  cadmium  yellow,  cobalt  blue,  burnt  umber, 
and  chrome  green.  Mixing  of  the  active  pipnents,  such  as  zinc  oxide  or  aluminum 
with  ether  immediately  before  use  is  recommended .  The  process  of  hardening  the  paint 
consists  in  the  complete  hydrolysis  of  the  ester  of  orthosilicic  acid  under  the  ac¬ 
tion  of  the  moisture  of  the  air. 

The  pigment  is  ground  in  an  organic  solvent,  alcohol  or  benzene,  and  the  paste 
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so  obtained  is  nixed  with  ethyl  silicate.  To  prepare  a  lacquer,  definite  weight  pro¬ 
portions  of  the  paste  and  ethyl  silicate  are  taken.  Paints  on  an  ethyl  silicate  base 
are  used  as  fire-protective  coatings,  in  the  building  industry,  and  other  fields. 

They  form  a  porous  film  which  is  compatible  with  wet  stuccoing,  and  is  easily  wetted. 
Such  paints  are  hard  to  apply  to  a  surface  covered  with  an  oil  lacquer.  The  combina¬ 
tion  of  ethyl  silicate  with  other  forms  of  artificial  resins  considerably  improves 
the  properties  of  the  coatings.  A  mixture  of  ethyl  silicate  with  a  phenol-formalde¬ 
hyde  resin  forms  a  film  resistant  to  strong  acid  and  alkalies.  Such  a  mixture  is  ob¬ 
tained  by  boiling  a  solution  of  a  phenol  resin  with  ethyl  silicate  in  benzene  solu- 
tion.  When  equal  parts  by  weight  of  the  above  resin  and  tung  oil  are  boiled  30  min¬ 
utes,  a  lacquer  is  formed  that  can  be  well  pigpiented  with  aluminum  powder.  Ethyl 
silicate  may  also  be  used  for  the  modification  of  glyptals.  In  this  case,  the  mono- 
and  diglycerides  of  linseed  oils  are  boiled  with  ethyl  silicate,  leading  to  the  for¬ 
mation  of  a  resin  similar  to  the  glyptals,  but  with  improved  properties. 

The  esters  of  the  higher  alcohols  and  orthosilicic  acid,  when  combined  with 
glyptals  or  cellulose  esters,  form  films  with  better  properties  than  when  ethyl  sil¬ 
icate  is  used. 

The  combination  of  ethyl  silicate  with  cellulose  esters  increases  the  tensile 
strength  and  flexibility  of  the  films.  Such  films  possess  good  adhesion  to  glass, 
by  comparison  with  unmodified  nitrocellulose  films.  The  lacquer  is  prepared  by  dis¬ 
solving  nitrocellulose  in  butyl  acetate.  The  solution  so  formed  is  thinned  with 
toluene,  and  dibutyl  phthalate  in  an  amount  equal  to  5Qi  of  weight  of  the  dry  nitro-r 
cellulose  is  added  to  it  as  a  plasticizer,  followed  by  the  addition,  for  the  same 
purpose,  of  ethyl  silicate  in  an  amount  equal  to  85$  of  the  weight  of  the  dry  ni¬ 
trocellulose. 

The  esters  of  orthosilicic  acid  in  the  partially  hydrolyzed  form  has  found  ap¬ 
plication  in  combination  with  the  polyvinyl  resins.  A  mixture  of  ethyl  silicate  and 
tncresyl  phosphate  is  a  good  plasticizer,  which  reduces  the  themoplasticity  of 
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polyvinyl  chloride. 

Partially  iy  :.r<j  lyzed  ethyl  silicate  and  other  organosilicon  polymers  may  modify 
such  resins  us  p~  j; :..«•{  i  methacrylate,  polyvinyl  chloride .  polyvinyl  acetate,  poly¬ 
ethylene,  polystyrene,  polyvinylbutyral,  polyvinyl  alcohol,  neoprene,  unvulcanized 
rubber,  chlorinated  rubber,  nylon,  cellophane,  acetylcellulose,  ethylcellulose  and 
polyamides  (Bibl.86,  87). 

For  modification  of  polyvinyl  acetate,  ethyl  silicate  is  partly  hydrolyzed  to  a 
content  of  0.1-0. 7  ethoxy  groups  per  silicon  atom,  and  is  mixed  with  an  alcoholic 
solution  of  polyvinyl  acetate,  partially  hydrolyzed  (from  5  to  30$),  in  a  ratio  of 
1  :  2-6  of  SiO^  in  the  polymer. 

The  films  obtained  from  resins  modified  with  ethyl  silicate  have  a  high  degree 
o-'  hardness,  resistance  to  the  atmosphere,  good  adhesion  to  metal,  elasticity,  and 
resistance  to  aging.  The  coatings  may  be  dried  either  ly  the  ..ox.  or  the  cold  met. nod. 

Aiityd  and  alkva-oi  1  resins  and  alkyd-butyric  resins  are  su't  ; octal  to  _oconden- 
3 at  a  with  organ  uydroxysilanes,  forming  heat-resisting  resin3  for  coatings 

t 

(rd:u.fl8,  89). 

Those  resi: s  .re  prepared  by  the  following  method. 

A  mixture  of  parts  by  weight  of  r©3yl  glypta!.  or".',  ilr.in e  h2i  of  ni],  and 

having  an  acid  value  not  over  ^0-A7,  and  110  parts  by  weight  of  a  5%  of  ti  e  hy¬ 
drolysate  of  phenyltrichlorosilane  in  xylene  is  heated  under  a  reflux  condenser  for 
1-1.5  hours  at  132°C.  0.7  parts  weight  of  water  is  liberated.  After  the  boiling,  10 
parts  by  weight  of  butanol  is  added  to  the  mixture. 

A  film  of  this  lacquer  hardens  at  150°C  in  0.5-1  hour  into  a  hard,  flexible, 
material  with  exceptional  resistance  to  chemicals.  A  white  en.ur.el  from  such  a  lac¬ 
quer  withstands  high  temperatures. 

Resins  suitable  for  coatings  and  for  plastics  are  prepared  by  combining  tetra- 
furfuryloxysilane  or  tetramethylaryloxysilane  with  alkyd  resins  (Bibl.90).  The 
tetrafurfuryloxysilane  is  prepared  by  ree3terification  of  tetraethoxysilane  with 
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furfuryl  alcohol 


Preparation  of  tetrafurfuryloxysilane  for  modification  of  alkyd  resins*  A  mix¬ 
ture  of  1176  parts  by  weight  of  furfuryl  alcohol  is  mixed  with  312  parts  by  weight 
of  tetraethoxysilane  and  1.2  parts  by  weight  of  lead  oxide,  and  is  heated  on  an  oil 
'-ath.  During  the  heating,  2b0  parts  by  weight  of  distillate  are  distilled  off,  and 
ire  returned  to  the  reaction  vessel.  Xylene,  510  parts  by  weight,  is  also  added  to 
it.  The  temperature  of  the  bath  is  raised  to  lii5°C,  and  373  parts  by  weight  of  a 
distillate  boiling  below  83°C  is  distilled  off.  This  distillate  contains  262  parts 
by  weight  of  ethanol.  The  residue  in  the  flask  is  distilled  in  vacuo  in  a  stream  of 
CO^,  and  a  fraction  boiling  at  20b-205°C  (3  mm)  is  collected.  Redistillation  yields- 
bOO  parts  by  weight  of  tetrafurfuryloxysilane,  boiling  point  20b-206°C  (b  mm).  Re¬ 
crystallization  from  a  mixture  of  toluene  and  petroleum  ether  yields  a  product  melt¬ 
ing  at  38-39°C.  A  solution  of  glyptal,  modified  with  tung  oil  or  fish  oil,  is  mixed 
without  heating  with  2%  by  weight  of  tetrafurfuryloxysilane.  Films  of  the  prod  acts 
ased  on  this  are  dried  at  100°C  and  are  more  frost  resistant  than  films  of  the 
glyptal  prepared  without  tetrafurfuryloxysilane. 

Tetramethylallyloxysilane  is  prepared  from  a  mixture  of  b60  parts  by  weight  of 
tetraethoxysilane  and  1200  parts  by  weight  of  methallyl  alcohol.  A  small  piece  of 
metallic  sodium  is  added  to  the  reaction  mixture,  and  the  mixture  is  then  heated 
under  a  reflux  condenser  to  boiling.  The  temperature  in  the  upper  part  of  the  con¬ 
denser  is  held  within  the  limits  of  78-80°C,  in  order  to  be  able  to  distill  all  the 
ethanol  liberated  during  the  reesterification  and  to  collect  it  in  the  receiver. 
After  distillation  of  the  theoretical  quantity  of  ethanol,  the  excess  of  methallyl 
alcohol  is  distilled  off,  and  the  residue  is  fractionated  in  vacuo.  The  tetrameth- 
allyloxysilane  boils  at  128-130°C  (6  mm).  It  is  added,  5#  by  weight,  to  glyptals 
to  modify  them. 

As  a  result  of  addition  of  tetramethallyloxysilane  to  glyptals,  harder  and 
stronger  films  than  films  of  the  glyptal  resin  alone  are  obtained. 
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Copolymerization  of  unsaturated  esters  of  boric  or  orthosilicic  acid  with  vinyl 
and  vinylidene  derivatives  is  conducted  by  the  usual  method,  in  the  presence  of  ben¬ 
zoyl  peroxide  or  butyl  peroxide,  in  a  solvent  or  without  it  (by  the  block  method). 

1.  A  solution  of  KO  parts  by  weight  of  methoxymethyl  methacrylate,  10  parts  by 
weight  of  a  tetramethylaryloxy silane,  and  0.1  parts  by  weight  of  benzoyl  peroxide 
is  polymerized  at  65°C,  forming  a  transparent  soft  polymer  having  a  high  adhesion 
to  glass. 

2.  A  mixture  of  90  parts  by  weight  of  methyl  methacrylate  and  10  parts  by 
weight  of  a  tetramethylaryloxysilane  is  heated  under  a  reflux  condenser  until  a  vis¬ 
cous  liquid  is  formed.  This  product,  applied  to  glass,  and  then  polymerized  again  at 
65°C  (toward  the  end  at  95°C),  forms  a  good  film  possessing  high  adhesion  and  water 
resistance. 

The  properties  of  the  copolymers  depend  on  the  proportions  of  the  components. 
'.-then  the  amount  of  unsaturated  allyloxysilane  or  borate  is  increased,  the  softening 
point  of  the  polymers  is  lowered. 

Polyorganosiloxar.e  Elastomers 

The  polyorganosiloxane  elastomers  are  linear  polymers  whose  molecules  have  the 
following  initial  structure: 

R  H  R 

— ii-  <  >— ii— 

i  i  h 

/.fter  ti.e  ;  roper  heat  treatment,  the  linear  polymers  are  cross-linked  by  the 

transverse  bonds  that  are  formed: 

u  i/  u  k 

i 

-Si  -•*»  Si— ii- -Si  <  i — Si- 

I.’  k  k 

O 

R  l  k  R 

S|— U—Si  -U  II  Si 

I  '  1 

w  w  k  k 
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The  elastic  properties  and  the  elasticity  of  the  elastomers  depends  on  the  number 

I 

l 

•vf  -Si-0-  units  in  the  molecular  chain  and  on  the  number  of  cross-links.  The  higher 
R 

the  average  molecular  weight  of  an  elastomer,  the  higher  its  elasticity  and  mechan¬ 
ical  strength.  The  presence  of  an  insignificant  number  of  cross-links  in  polymers 
livers  the  increase  of  the  elastic  properties  of  an  elastomer  and  increasing  its 
mechanical  strength.  In  the  presence  of  a  large  number  of  cross-links,  the  polymer 
loses  its  elastic  properties. 

The  character  and  molecular  weight  of  the  organic  radicals  making  up  the  poly- 
.  .olecule  exert  a  great  influence  on  the  properties  of  elastomers  and  on  the 

■  c.-ss  of  their  formation. 

The  excop •  ional  resistance  of  polyorgurosiloxane  elastomers  to  heat,  and  their 
' o  the  action  of  oxygen  is  explained  by  the  nature  of  the  siloxane  bond. 
r«.-rT;.  cf  the  siloxane  bond  is  81.3  kcal/mol,  which  is  considerably  more  than 
<:  stren.'tb  ■  f  t.ie  caro^.hon  bond,  which  is  62.77  kcal/mol.  It  is  this  fact 
...  •  :-.u  .  ‘j.’isi  !:■  for  th.e  considerably  higher  thermal  stability  of  Dolyorganosil- 

..n  -1  as*  oir.ers  lw  comparison  with  the  stability  of  the  organic  natural  and  syn- 
>  otic  ru  l  ers.  The  absence  of  unsaturated  tor,.i3  in  the  polyorganosiloxane  elasto- 

!  I 

.  u  i  the  stability  of  tie  - h-Si-  carbor-nilicon  bond,  owing  to  its  screening 

I  i 

.  ,  a;  ..ic-  n  atom,  ass  .res  it  of  low  sensitivity  to  the  action  of  oxygen, 
rtc  rer..arKel  above,  the  presence  of  cross-links  between  the  linear  molecules  in 
era  i.5  of  s  Tstar.tiai  importance.  The  formation  of  such  cross-iink3  car.  l  e 
..••r-  -  .  l.shei  ei*  i  er  y  introduction  of  trifur.ctior.al  and  tetrafurctior.al  monomers 
;■  a  the  polymer  during  condensation  and  polymerization,  or  by  oxidizing  the  organic 
i  1.  5  it  linear  polymers. 

c  in*  roductioi  of  considerable  arour.ts  of  tri-  or  tetrafurctior.al  compounds 
...  .  u  \o  th.e  formation  of  low-elasticity  nrod  ;cts  owing  to  the  great  nun  er  of 
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cross-links  foraed  in  this  case.  Consequently,  the  adjustment  of  the  proportions 
between  the  bifunctional  and  polyfunctional  monomers  has  a  great  influence  on  the 
elastic  properties  of  the  polymer. 

The  alkyl-  and  arylhydroxysilanes  have  a  tendency  to  form  larger  rings,  and 
their  tendency  to  cyclization  is  more  strongly  manifested,  than  in  the  corresponding 
carbon  compounds.  This  interferes  with  the  formation  of  linear  polyorganosiloxanes. 

A  dialkyldihalosilane  of  a  high  degree  of  purity  serves  as  the  starting  mono¬ 
meric  compound  for  the  preparation  of  a  linear  polymer  of  high  molecular  weight. 

Sven  insignificant  admixtures  of  the  irialkylhalosilanes  will  sharply  reduce  the 

i 

molecular  weight  of  the  polymer.  For  instance,  the  presence  of  only  an  insignificant 
admixture  of  RjSiCl  (1-moljS  per  mol  of  RgSiClg)  will  limit  the  degree  of  polymeri¬ 
zation  of  the  polymer  to  200  R^SiO. 

The  presence  of  an  admixture  of  traces  of  the  alkyltrichlorosilane  in  the  di¬ 
alky  ldichlorosilane  leads  to  the  formation  of  polymers  of  branched  structures,  and, 
in  a  number  of  instances,  to  the  gelation  of  the  hydrolyzate.  If  the  trialkylchloro- 
silane  and  the  alkyltrichlorosilane  are  present  in  appreciable  amounts  in  the  di- 
alkyldichlorosilane,  then  the  polymer  formed  will  be  characterized  by  the  presence 
of  cross-links  between  the  short  chains  (Bibl.86).  Thus  the  degree  of  purity  of  the 
monomeric  compounds  i3  of  extreme  importance  in  the  production  of  linear  polysil- 
oxanes. 

It  is  well  established  today  that  linear  polyorgai  osiloxanes  of  very  high  mo¬ 
lecular  weight  can  be  produced. 

The  polyorganosiloxane  elastomers  that  were  first  prepared  had  a  low  tensile 
strength  and  a  low  elasticity.  They  were  brittle  gels,  and  were  more  viscous  than 
elastic  substances.  The  relatively  poor  mechanical  properties  of  the  polysiloxane 
elastomers  that  were  prepared  during  the  early  period  of  research  is  explained  by 
the  inadequate  purity  of  the  starting  monomeric  compounds.  The  poor  mechanical 
properties  were  due  to  the  high  polydispersion  of  the  product  and  to  its  consider- 
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able  content  of  low-molecular  substances.  The  polyorganosiloxane  elastomers  produced 
today  far  excel  the  first  specimens  in  mechanical  strength,  and  this  fact  encourages 
their  widespread  use.  The  possibilities  in  this  field  are  still  far  from  completely 
utilized,  and  it  may  be  expected  that  polyorganosiloxane  elastomers  of  mechanical 
strength  no  lower  than  that  of  the  organic  elastomers  will  be  prepared. 

By  the  fractionation  of  a  polydimethylsiloxane  elastomer  from  a  mixture  of  ace¬ 
tone  and  ethyl  acetate,  it  was  possible  to  separate  fractions  of  the  following  mo¬ 
lecular  weight,  osmometrically  determined: 


Fraction 


1 

2 

3 

4 


Molecular  Weight 


2,8  10* 
1,5- 10* 
6.  MO* 
2.8- 10* 


Fraction  5  was  a  viscous  liquid  (Bibl.87). 

A  polyethylsiloxane  elastomer,  on  fractionation  from  an  alcohol-benzene  mix¬ 
ture,  was  separated  into  fractions  of  average  molecular  weight,  viscoslmetrically 
determined,  ranging  from  16 00  (liquid  product)  to  4-5,000  (elastic  substances) 
(Bibl.86). 

A  study  of  the  variations  in  the  dimensions  of  specimens  of  polyalkylsiloxane 
elastomers  at  low  temperatures  showed  that  there  exists  a  narrow  temperature  inter¬ 
val  within  which  the  dimensions  of  the  specimen  vary  sharply.  This  interval  corre¬ 
sponds  to  the  temperature  of  crystallization  of  the  polydimethylsiloxane  elastomers. 

On  further  cooling  of  this  specimen,  a  region  of  sharp  variation  of  the  dimen¬ 
sions  of  the  specimen  is  again  observed.  This  region  corresponds  to  the  second- 
order  transition  point  (vitrification  temperature)  of  polyalkylsiloxane  elastomers. 

Figure  53  shows  the  behavior  of  polyalkylsiloxane  elastomers  on  cooling  and 
heating.  Crystallization  is  observed  between  -60°C  and  -67°C.  This  temperature  lim¬ 
it  of  crystallisation  has  been  found  for  various  specimens  of  elastomers.  The  crys¬ 
tallisation  of  polyorganosiloxane  elastomers  is  more  rapid  than  that  of  natural 
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rubbers.  Kelting  begins  a  few  degrees  above  the  crystallization  point  and  ends 
around  -39°c*  The  value  of  the  volume  change  connected  with  the  crystallization  of 
polyalky lsiloxane  elastomers  ranges  from  2.0  to  7.8$.  The  maximum  volume  change  on 
crystallization  of  natural  rubbers  is  about  3$  (Bibl.88). 

If  specimens  of  polyalkylsiloxane  elastomers  are  alternately  cooled  and  wanned 

at  a  temperature  somewhat  above  -60°C , 
neither  crystallization  nor  melting  will 
be  observed.  The  results  of  experiments 
conducted  at  temperatures  between  -30°C 
and  -50°C  are  shown  in  Fig. 54. 

If  crystallization  proceeds  at  a  * 
measurable  rate  in  this  temperature 
range,  the  length  of  the  specimen  will 
successively  decrease  as  a  function  of 
the  temperature. 

Figure  55  shows  the  dimensional  var¬ 
iation  of  specimens  of  polyalky lsilox- 
anes  elastomers  at  various  temperatures. 

The  second-order  transition  point 
corresponds  to  the  point  of  inflexion  of 
the  3lope  of  the  curves  and  is  entirely  determinate  for  all  the  specimens. 

It  will  be  seen  from  Fig. 55  that  the  second-order  transition  point  for  poly- 
dimethylsiloxane  elastomers  is  at  -123°C.  This  temperature  is  considerably  lower 
than  the  second-order  transition  point  for  organic  polymers. 

The  transition  point  of  polymethyisiloxanes  does  not  vary  when  a  filler  is 
added;  or  on  vulcanization.  This  behavior  of  polymethy lsiloxane  elastomers  differs 
from  the  Kehavior  of  natural  rubbers,  in  which  a  filler  and  vulcanization  change 
the  transition  point. 


A) 

Fig. 53  -  Relationships  between  Rela¬ 
tive  Expansion  of  a  Polydimethy lsil¬ 
oxane  Elastomer  and  the  Temperature, 
in  the  Range  from  -20°C  to  -100°C; 

1  -  Cooling  of  Elastomer;  2  -  Heating 
of  Elastomer 

a)  Ten perature ,  °C;  t)  Relative  ex¬ 
pansion  ,  u  /cm 
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Observation  of  this  specimen  of  elastomers  during  -'.v  •  •  g  ;mi  .uoilng  showeu 
li-.‘  '/bale  a  normal  seconu-oraer  transition  is  observed  at  'l'>30C,  crystallization, 
•’  t  >rcof>]ing,  and  malting,  on  warning,  I'oth  at  higher  ternt-om  ♦’—«*.  Crystalliza- 
•  ion  on  supercooling  occurs  at  around  -7.5°C,  and  the  end  of  melting,  or.  warning,  at 


Fig.5'L  -  Temperature  Dependence  of 
the  Relative  Expansion  of  Po ^di¬ 
methyls  iloxane  Elastomer: 

1  -  Cooling  of  elastomer;  2  -  Warm¬ 
ing  of  elastomer 

■?)  Temperature,  °C;  b)  Relative  ex¬ 
pansion,  u/cm 


b) 

-uo-misc-iso-M-ao-m  -no  -100-90 
») 

Fig. 55  -  Temperature  Dependence  of 
Relative  Expansion  of  Polydimethyl- 
siloxane  Elastomer  in  the  Range  from 
-90°C  to  -170°C: 

1  -  Polydimethylsiloxare  elastomer; 

2  -  The  same  elastomer  with  filler; 

3  -  Vulcanized  polydinethylsiloxane 

elastomer  with  filler 
a)  Temperature,  °C;  b)  Relative  ex¬ 
pansion,  u/cm 


'i  temperature  of  about  -A5°C.  It  is  probable  that  the  crystallization  point  is  in 
the  iva r.’?  from  -75°C  to  -1C0°C.  Such  behavior  of  the  polydimethylsiloxane  elastomers 
resembles  that  of  the  natural  rubbers,  which  likewise  may  be  supercooled  and  crys¬ 
tallize!  in  a  uefinite  temperature  ran^e. 

Polyalkylsiloxane  elastomers  without  a  filler  have  a  very  high  coefficient  of 
expansion,  which  is  equal  to  120  *  10“'  (at  temperatures  between  -35°C  and  0°C), 
that  is,  considerably  greater  than  that  of  most  organic  polymers.  The  coefficient  of 
expansion  of  elastomers  decreases  on  the  introduction  of  a  filler. 


79fe 
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The  mechanical  properties  of  polyalky lsiloxane  elastomers  are  considerably  in¬ 
ferior  to  those  of  natural  and  synthetic  rubbers*  The  tensile  strength  of  a  polydi- 

.  2 

methy lsiloxane  elastomer  without  a  filler  is  10-25  kg/cm  ,  and  with  a  filler  it  is 
2 

30-45  kg/cm.  The  strength  of  individual  specimens  of  the  elastomer  with  a  filler  is 
as  high  as  80  kg/cm  .  Specimens  prepared  in  the  laboratory  with  the  special  filler 
Js-1995  with  a  strength  (Bibl.89)  of  about  130  kg/cm2  (cf.  Table  97)  (Bibl.89)» 
have  been  described. 

Titanium  dioxide  is  the  most  heat-resistant  filler  for  polymethy  lsiloxane  rub¬ 
bers*  Carbon  black  at  200°C  gives  off  volatile  products,  thus  forming  bubbles  in  the 

,  « 

rubber.  The  problem  of  in?) roving  the  properties  of  materials  from  polysiloxane  elas¬ 
tomers  is  related  not  only  to  the  improvement  of  the  properties  of  the  elastomer, 
but  also  to  the  selection  of  the  proper  heat-resistant  filler,  and  of  its  disperse¬ 
ness*  The  strength  of  polydimethy lsiloxane  rubbers  varies  from  hi  to  30  kg/cm2  with 
a  variation  in  the  temperature  from  -50°C  to  ♦200°C,  and  the  Shore  hardness  from  70 
to  45*  At  elevated  temperatures  the  phenomenon  of  creep  is  observed.  Polymethylsilox- 
ane  elastomer  remains  elastic  at  a  temperature  of  -65°C.  It  has  a  high  adhesion  to 
glass,  which  is  greater  than  the  strength  of  the  resin  Itself* 

The  swelling  of  polydimethy lsiloxane  rubbers  depends  on  the  amount  of  filler 
and  on  the  type  of  solvent.  The  minimi®  swelling  at  20°C  after  72  hours  is  observed 
in  water  ( 3 %  increase  in  volume);  in  acetone  the  swelling  is  about  11%,  in  mineral 
oil  8%*  Benzene,  isooctane,  and  CC1,  cause  strong  swelling  of  the  elastomer  (up  to 
100-120%). 

It  is  interesting  to  note  that  specimens  of  the  elastomer  filled  with  glass 
fabric  to  1C£  of  the  total  volixse,  swell  50-80%  less  in  the  strongly  acting  sol¬ 
vents,  benzene  and  carbon  tetrachloride,  than  the  specimens  without  the  glass  fabric. 

The  electrical  and  mechanical  properties  of  polydimethylsiloxane  elastomer  vary 
only  slightly  over  the  wide  temperature  range  from  -63°C  to  2C0°C. 

The  properties  of  polydimethylsiloxane  rubber  with  povrier  filler,  and  also  that. 
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Table  97 


Polymethyldisiloxane  Rubbers  with  Js-1995  Filler 


of  polydimethylsiloxane  rubber  with  a  glass-fabric  filler,  are  as  follows. 

Elastomer  with  Elastomer  with 


Powder  Filler 


2 

Tensile  Strength,  kg/cm  25.0 

Elongation,  %  225 

Sorption  of  Water  in  100  Hours,  %  2.7 

Resistance  to  Action  of  Ozone  Excellent 

Dielectric  Constant  at  1000  Cycles  3*6 

Breakdown  Voltage  at  60  Cycles,  kv/nm  15-25 


Glass  Fabric 
225 
1.5 
1.8 

Excellent 

3.07 

12-18 


It  will  be  seen  from  these  data  that  the  material  prepared  by  a  combination  of 
elastomers  with  glass  fabric  has  a  considerably  higher  strength,  but  lower  dielectric 
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indices,  than  the  elastomer  with  powder  filler. 

In  the  electrical  breakdown  of  the  specimens  and  the  action  of  the  arc  dis¬ 
charge  on  the  surface  of  the  specimen,  no  carbonation  or  formation  of  conducting 
coke  bridges  is  observed.  As  a  result  of  electrical  breakdown,  silicon  oxide,  which 
is  a  good  dielectric,  is  formed. 

After  50  days  of  heating  of  specimens  of  polydimethylsiloxane  elastomer  at 
200°C,  their  flexibility  is  diminished,  but  they  can  still  be  bent  180°  without 
breaking.  The  loss  of  weight  of  the  specimen  in  this  case  is  2.5$,  and  the  shrink¬ 
age  is  1.7$.  On  further  heating  of  the  elastomer,  its  properties  continue  to  vary 

i 

very  slightly.  After  90  days  at  200°C,  the  loss  of  weight  is  about 

o 

After  50  days  of  heating  of  250  C,  all  the  specimens  of  elastomer  remain  suf¬ 
ficiently  flexible  and  permit  a  180°  bend  without  the  appearance  of  cracks.  The 
losses  in  weight  in  this  case  amount  to  6.3 %  and  the  shrinkage  to  K,0%,  After  50 
days  of  heating  of  the  specimens  at  300°C,  they  become  brittle  and  form  cracks  on 

bending.  Heating  for  't-2  days  under  these  conditions  still  does  not  lead  to  brittle- 

* 

ness,  and  the  specimens  can  be  bent  180° •  The  loss  in  weight  of  the  specimens  after 

K2  day  s  of  heating  at  300°C  is  11$,  the  shrinkage  is  7.1$*  The  presence  of  zinc 

oxide  in  the  elastomer  as  a  filler  increases  the  weight  losses  during  heating. 

Polymethylsiloxane  elastomer  is  used  to  manufacture  gaskets  and  other  articles 

o  o 

used  for  work  in  a  wide  range  of  temperatures  from  -50  C  to  *200  C. 

Thermal  Oxidative  Degradation  of  Polvorganoalloxanes 

The  thermal  stability  of  polyorganosiloxanes  is  the  fundamental  characteristic 
which  determines  the  limiting  temperatures  at  which  the  various  polymers  of  this 
class  can  be  used.  In  this  connection  it  is  Important  to  establish  the  influence  of 
structure  on  thermal  degradation  and  the  mechanism  of  such  degradation  itself.  The 
various  organic  radicals  or  groups  making  up  the  polymer  molecules,  and  the  number 
of  these  radicals  or  groups,  undoubtedly  must  affect  the  thermal  stability  of  poly¬ 
organosiloxanes.  For  this  reason  the  study  of  the  influence  of  the  chemical  nature 
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of  the  radical  or  group  on  the  thermal  stability  of  the  polyorganosiloxanes  allows 
a  number  of  regularities  of  great  practical  importance  to  be  established. 

The  variation  of  the  number  of  radicals  or  groups  in  polyorganosiloxanes  is 
associated  not  only  with  the  quantitative  variation  of  the  content  of  the  organic 
portion,  but  also  with  the  fact  that  when  the  number  of  radicals  attached  to  a  sili¬ 
con  atom  changes  from  two  to  one,  the  structure  of  the  polymer  molecule  also  changes 
from  linear  to  three-dimensional.  This  would  likewise  affect  the  thermal  stability 
of  the  polymers  as  well. 

The  literature  contains  fragmentary  data  on  the  thermal  stability  of  certain 

I 

liquid  polyorganosiloxanes ;  it  is  stated  that  the  polyditosrthylsiloxane  liquids  are 
stable  up  to  175°C,  and  the  polypheny lnethylailoxane  liquids  (Bibl.90)  up  to  250°C.* 
With  respect  to  the  solid  polymers,  only  ihe  fact  that  the  polymethylsiloxanes  de¬ 
compose  at  considerable  velocity  at  300OC'is  known  (Bibl.9l).  The  polydlmethylsil- 
oxanes  decompose  at  4O0°C  In  vacuo,  forming  liquid  cyclic  low-molecular  compounds 
(Bibl.92). 

We  shall  now  consider  theimal  oxidative  degradation  of  polydiorganosiloxanes 
with  linear  structure  of  the  molecular  chains  and  of  polyorganosiloxanes  with  three- 
dimensional  structure  of  those  chains,  of  various  compositions;  polymers  with 
strongly  developed  surface  area  (ground  to  the  powder  state)  were  subjected  to  deg¬ 
radation  at  temperatures  of  250°C,  350°C,  1*50° C  and  550°C. 

Degradation  of  Polydiorganosiloxanes 

The  degradation  of  polydiorganosiloxanes  was  studied  on  the  example  of  the 
linear  polymer  obtained  by  hydrolysis  of  dimethyldichlorosilane  by  water: 


nRtSiCIt  ■)■  nHfO 


'  R 
— ^iO— 

.i  J 


+  2nHCI 
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Studies  showed  that  polydimethylsiloxane  at  250°C  undergoes  only  slight  degr*- 
dation  (Fig. 56),  but  that  at  300°C  intense  cleavage  of  the  polymer  takes  place;  in 
this  case  elementary  units  become  detached  from  the  molecular  chain.  Deeper  degrada¬ 
tion  with  a  rupture  of  the  chains  at  the  Si-0  bond  is  sharply  manifested  at  4-00°C. 


Fig. 56  -  Relation  of  the  Degree  of 
Degradation  (in  %  of  weight  loss)  of 
Polydimethylsiloxane  to  the  Tempera¬ 
ture,  and  to  the  Duration  of  Heating 
a)  Time,  hours;  b)  Loss  of  might,  % 


Fig. 57  -  Relationship  between  the  De¬ 
gree  of  Degradation  (in  percentage 
weight  loss)  of  Polydimethylsiloxane 
at  a  Temperature  of  250°C  and  its  Con¬ 
tent  of  Benzoyl  Peroxide; 

1  -  Pure  polydimethylsiloxane; 

2  -  Polydimethylsiloxane  mixed  with 

benzoyl  peroxide  (3%)  • 
a)  Time,  days;  b)  Weight  loss,  % 


In  this  case  the  weight  loss  of  the  polymer  exceeds  the  losses  theoretically  possi¬ 
ble  corresponding  to  the  detachment  of  methyl  groups  alone  (the  dashed  line  in 
Fig. 56). 

The  treatment  of  polydimethylsiloxane  with  benzoyl  peroxide,  which  leads  to  the 
conversion  of  linear  molecules  into  cross-linked  molecules  owing  to  the  formation  of 
oxygen  bridges  between  the  chains  of  the  linear  molecules,  increases  the  thermal 
stability  of  polydimethylsiloxane  (Fig. 57). 

Chemical  analysis  of  the  polymers  after  heating  them  at  various  temperatures 
(Table  98)  shows  that  at  300°C  the  number  of  CH^  groups  in  polydimethylsiloxane 
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diminishes  appreciably  after  5  hours  (C/Si  *  1.74  Instead  of  2.0)  while  the  H/C 
proportion  in  this  cass  is  3*07*  At  350°C,  the  C/Si  ratio  sharply  decreases  (after 
3  hours  of  heating  it  decreases  from  2.0  to  0.32)  but  H/C  not  only  fails  to  decrease 
but  even  increases  somewhat;  the  same  increase  is  also  observed  at  400°C. 


Table  93 

Analysis  of  Polymethylsiloxane  after  Thermal  Degradation 


Wciqht 

iola 

% 

eirmthUry  CampotiH*n,% 

Ratio 

Conditions  ot 
Degradation 

c 

H 

D 

M/C 

C/81 

Calcutta  for 

KCH.J.SiO),, 

32,44 

8,13 

37,81 

3,00 

2,00 

(Storting)  polymer) 

— 

32,71 

8,25 

38,01 

3,02 

2,00 

l>/shrset  30 PC 

15,0 

30,92 

7.74 

37,97 

3,00 

1,91 

5  hrs  at  300*C 

29,5 

28,86 

7,36 

38,78 

3,07 

1.74 

1  hr*  at  3S0*C 

18.0 

27.33 

6,96 

38,82 

3,05 

1.64 

2  hr*  at  350*C 

26,5 

23.19 

6,11 

39,61 

3,07 

1.40 

5  Hrs  at  350*  C 

35,0 

5,89 

2,26 

42,05 

4,60 

0,32 

0,5  hr*  at  400*C 

42,0 

15,35 

4.54 

41,29 

3,55 

0.87 

S  hr*  at  400*C 

60,5 

1,34 

0,99 

43,09 

6,00 

0,071 

These  data  show  that  the  thermal  oxidative  degradation  in  linear  polyorgano- 
siloxanes  takes  place  both  by  the  rupture  of  the  Si-C  bond  and  by  the  rupture  of  the 
Si-0  bond.  The  increased  hydrogen  content  in  the  polymer  after  its  heating  corre¬ 
sponds  to  the  temperatures  at  which  a  sharp  fall  in  the  carbon  content  is  noted; 
this  indicates  the  formation  of  hydroxyl  groups  at  the  silicon  atoms  in  the  polymer 
at  the  place  of  the  detachment  of  the  radicals.  The  hydroxyl  groups  are  preserved, 
since  their  interaction  is  hindered  by  their  low  concentration  and  by  the  low  mo¬ 
bility  of  the  polymer  molecules. 

Degradation  of  Polyaonoorganoailoxanes 

The  polymonoorganosiloxanes  prepared  by  hydrolysis  of  alkyl-  or  aryltrichloro- 
silanes  by  water  according  to  the  formula: 
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nRSfCIi  4*  3nH|0 - * 


+  3nHCI 


— 0™"^i— O— 

»/. 


H 


1 1%  - 


where  R  *  CH^,  C^H^,  ^^2  m  C^H^,  ClC^H^y  Cl^C^H^,  or  PO^H^j  wro  iub* 

jected  to  degradation. 

The  action  of  a  high  temperature  on  three-dimensional  polymers  with  the  struc¬ 
tural  unit  (RSiO^>tj)x  causes  various  chemical  transformations ,  mainly  connected  with 
the  detachment  of  the  organic  radical  from  the  silicon,  that  is,  with  the  rupture  of 
the  Si-C  bond  without  rupture  of  the  main 'molecular  chains  at  the  Si-0  bond.  This 
will  be  seen  from  Fig. 58,  showing  the  thermal  oxidative  degradation  of  polymethyl- 
siloxane  at  250°C,  350°C,  450°C  and  550°C.  Table  99  gives  the  reeult  of  analysis  of 
the  polymer  after  such  degradation. 


Fig. 58  -  Temperature  Dependence  of  the  Degree  of  Degradation 
(in  Percentage  Weight  Loss)  of  Polymethylsiloxane  and  Duration 

of  Heating 

a)  Time,  hours;  b)  Weight  loss,  % 


It  will  be  seen  from  these  data  that  polymethyldisiloxane  loses  about  2.76$ 
in  weight  after  24  hours  at  250°C,  but  it*  elementary  composition  remains  almost  the 
same.  Only  at  35C°C  does  a  sharp  rise  in  the  weight  loss  begin  (6.02$  in  2  hours), 
accompanied  by  a  drop  in  the  C-Si  ratio  in  the  polymer  to  0.47  instead  of  the  orig¬ 
inal  1.0.  The  degradation  proceeds  by  detachment  of  the  methyl  radical,  as  is  indi¬ 
cated  by  the  ratio  H/C  ■  2.93  in  the  polymer  after  its  heating.  At  450°C,  poly- 

« 

methylsiloxanes  is  more  completely  degraded,  but  even  at  this  teeperature,  after  24 
hours  of  heating,  a  certain  amount  of  carbon  still  remains  in  the  polymer,  the  C/Si 
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ratio  remains  equal  to  0*1* 


Table  99 


Analysis  of  Polymethylailnxane  after  Thermal  Degradation 


Conditions  »f 

Degradation 

Weiqht 

lV§ 

Elementary  Competition ,%) 

Ratio  | 

Number  if 
OH  dr.upi 

m 

H 

Si 

H/C 

C/Si 

i  hri  250° 

2,76 

19,12 

4,73 

40,73 

2,96 

i 

1,07 

0,36 

1  hri  250° 

2.30 

17,46 

4,57 

42,49 

3,15 

0,95 

!  hri  350“ 

6,02 

8,63 

2,07 

42,68 

2,93 

0,47 

0,73 

1  hrs  450- 

12.29 

2.11 

1,07 

45,83 

6.1 

0.1 

1.18 

I 

These  data  show  that  the  complete  removal  of  the  carbon,  that  is,  the  rupture 
of  the  Si-C  bond  In  po lymet hy  la  i loxane  involves  considerable  difficulties.  These 
difficulties  arise  from  the  fact  that  on  thermal  oxidative  degradation,  together 
with  the  detachment  of  the  methyl  groups,  there  is  also  a  formation  of  oxygen  bridges 
between  the  silicon  atoms,  which  hinders  the  attack  of  oxygen  on  the  methyl  group 
(steric  effect). 

The  experimental  data  show  that  the  degradation  of  polymethylsiloxanes  proceeds 
only  on  account  of  the  detachment  of  the  methyl  radical  (polymethylsiloxane  after 
heating  contains  one  methyl  group  to  10  silicon  atoms),  and  that  there  is  no  rupture 
of  the  Si-0  bonds  in  this  case. 


JO 

to 
*»)// 

§  s  V  is  to  ts 
Fig. 59  -  Degree  of  Degradation  (in  Percentage  Weight  loss)  of 

t 

Polyethyldisiloxane,  Related  to  Tmaperature  and  Duration  of  Heating 
a)  Time,  hours;  b)  Weight  loss,  % 

The  number  of  hydroxyl  groups  in  the  polymer  after  heating  at  350°C  and  450^C 
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= 
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decreased  to  half  its  initial  level,  but  it  is  still  more  than  in  polymethylsiloxane 
heated  at  250°C .  The  presence  of  a  considerable  number  of  hydroxyl  groups  in  poly¬ 
methylsiloxane  heated  to  temperatures  at  which  the  intense  detachment  of  methyl 
groups  from  the  silicon  atom  takes  place  shows  that  this  process  is  accompanied  by 
the  formation  of  hydroxyl  groups. 

The  thermal  oxidative  degradation  of  polyethylsiloxanes  at  the  same  tempera¬ 
tures  proceeds  more  intensely;  at  250°C,  a  considerable  cleavage  of  ethyl  groups  is 
noted  (Pig. 59). 

After  heating  for  6  hours  at  V50°C,  the  specimen  consisted  of  99.0/C  SiO^,  and 
contain  no  carbon  at  all. 

Polyphenylsiloxane  has  a  high  resistance  to  heat  (Fig.60)  at  250°C,  350°C  and' 
MO°C.  Polyvlnylsiloxane  is  distinguished,  in  comparison  with  the  polyalky lsilox- 
anes,  by  its  resistance  to  thermal  degradation.  This  polymer  (Fig. 61)  after  heating 
at  350°C  has  only  slight  weight  losses.  Specimens  of  polyphenylsiloxane  after  heat¬ 
ing  2U  hours  at  A50°C,  etill  retain  up  to  3-7%  C  and  0.67%  H,  and  even  after  heat¬ 
ing  6  hours  at  550°C,  they  etill  contain  0.33%  C  and  0.27%  H. 

The  introduction  of  halogens  (chlorine  and  fluorine)  into  the  phenyl  group  has 
no  substantial  influence  on  the  resistance  of  the  polymers  to  thermal  oxidative  deg¬ 
radation,  as  will  be  clear  from  Fig. 62,  63,  6 A,  and  63. 

The  analytical  data  show  that  -'olychlorophenylsiloxane  after  heating  16  hours 
at  350°C  contains  30.29%  Cl  and  35.83%  C  against  36.61%  C  and  3^.20%  Cl  in  the 
original  specimen  (Table  100).  Consequently,  at  350°C  the  polychlorophenylsiloxanes 
are  degraded  very  slowly,  even  without  marked  cleavage  of  the  chlorine  from  the 
phenyl  group. 

A  calculation  of  the  degree  of  degradation  of  polyorganosiloxanes  may  be  made 
starting  out  from  the  fact  that  the  losses  in  the  weight  of  a  unit  of  the  polymer 
chain,  for  instance,  for  polymethylsiloxane,  CH^SiO^,  is  made  up  of  the  weight  of 
the  methyl  group  detached  (-15),  after  subtracting  the  weight  of  the  oxygen  that 
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Fig. 61  -  Degree  of  Degradation  (in 
Percentage  Lose  of  Weight)  of  Poly¬ 
pheny  lsiloxanee.  Related  to  the  Tem¬ 
perature  and  Duration  of  Heating 
a)  Time,  hours;  b)  Loss  in  weight,  % 


0  5  »  15  20 

Fig. 63  -  Degree  of  Degradation  (in 
Percentage  Loss  of  Weight)  of  Poly- 
dichlorophenylsiloxane,  Related  to  the 


Fig. 62  -  Degree  of  Degradation  (in 
Percentage  Loss  of  Weight)  of  Poly- 
chlorophenylsiloxane,  Related  to  the 
Temperature  and  Duration  of  Heating 
a)  Time,  hours;  b)  Loss  in  weight,  % 


Fig.6V  -  Degree  of  Degradation  (in 
Percentage  Loss  of  Weight)  of  PoJy- 
trichlorophenylsiloxane,  Related  to  the 


Temperature  and  Duration  of  Heating 
a)  Loss  in  weight,  % 
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Temperature  and  Duration  of  Heating 
a)  Time,  hours;  b)  Loss  in  weight.  % 


adds  instead  of  two  methyl  groups,  which  amounts  to  10.45#  of  the  weight  of  the 
structural  unit.  It  is  easy  to  see  that  during  the  ‘‘time  of  half  disintegration" 

(C/Si  *  0.5)  ,  the  loss  in  weight  amounts 


Fig. 65  -  Degree  of  Degradation  (in 
Percentage  Loss  of  Weight)  of  Poly- 
fluorophenylsiloxane,  Related  to  the 
Temperature  and  Duration  of  Heating 
a)  Time,  hours;  b)  Loss  i.i  weight,  % 

termined  (Table  101). 


to  half  of  10.45  (5.22#). 

At  a  temperature  of  350°C,  the  time 
of  half  disintegration  (cf. Table  99)  is 
about  2  hours;  in  this  case  the  C/Si  ra¬ 
tio  amounts  to  0.47,  and  the  weight  loss 
to  6.02£,  which  is  close  to  the  calcu¬ 
lated  quantity  (5.22£). 

By  using  the  degradation  curves,  the 
"time  of  half  disintegration"  of  the 
polymers  at  various  temperatures  was  de¬ 


These  data  show  that  polyorganosiloxanes  with  a  three-dimensional  molecular 

Table  100 

Analysis  of  Polychlorophenylsiloxanes  after  Thermal  Degradation 


(blynwr 

J 

|(C*lI»)SiO,  s))j 

|ClC,ll«SiOl5|n 

Condition,  oj 

m 

H 

D 

Cl 

24  hr**»  450' 

6  hr*  et  550 

52,0 

57,5 

3,7 

0,33 

0.67 

0,27 

46,32 

— 

91 ,74 
96.28 

6  hr*  at  550' 

16  hr*  *4  350 

m 

(CIjQI  IjSiO,  5|/( 
|a,QH^iO,  5|f( 

5  hr*  *4  550" 

6  hr*  *♦  550' 

70,0  I 
72.5 

0,63 

0,82 

0,27 

45,16 

45.77 

— 

96,67 

97,85 

*  "The  time  of  half-disintegration"  is  the  time  necessary  for  the  oxidative  rup¬ 
ture  of  half  of  all  the  C-Si  bonds  of  the  polymer;  in  this  time  the  C/Si  ratio 
in  the  polymer  will  become  equal  to  0.5,  instead  of  1  as  in  the  initial  poly- 
methylsiloxane . 
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structure  may  be  arranged  in  the  following  decreasing  order  of  thermal  stability, 
depending  on  the  composition  of  their  organic  radical: 

C.H,  >  C1C*H*  >  CI,QH,  >  Cl  AH*  >  CH5  =  CH>  CH,  >  C*H, 


Table  101 

Time  of  Half  Disintegration  of  Polyorganosiloxanes  Under 

Thermal  Degradations 


Polymer 

Dtqudatfe* 

TtonpcnHie 

•c 

Tfm*  «+ 
h»H [fid* 

TWymm 

[Zj2uZ9[ 

■ 

Time  §f 
l»H  titter, 
in  tin  * 

|CH*SiO|  t|n 

1 

S3 

■ 

>24 

2.0 

0.8 

0.6 

(C*H*SlO|  6|fl 

m 

[CIC*H*SI015]fl 

450 

550 

3,0 

1.3 

|CAS«0I4)i| 

250 

350 

450 

0.8 

0.7 

0.5 

ICIAH^K),,,]. 

450 

550 

2.5 

0.7 

ichj-cShsio,..!,, 

250 

350 

450 

550 

>84 

6.5 

1.0 

0.5 

ICIAHfSIO,^ 

450 

550 

2,8 

0.6 

fFC,H*SiO,  5|n 

450 

1.9 

The  high  stability  of  a  polymer  with  the  vinyl  radical  is  explained  by  the  complex¬ 
ity  of  the  polymeric  molecules,  in  which,  owing  to  the  steric  effect,  the  attack  of 
the  ojqrgen  on  the  carbon  attached  to  the  silicon  atom  is  hindered. 

An  analysis  of  the  volatile  products  formed  during  the  process  of  thermal  oxi¬ 
dative  degradation  of  polymethylailoxane  showed  them  to  consist  mainly  of  carbon 
monoxide,  (25.0^),  and  water,  (17$) i  there  are  also  small  amounts  of  carbon  di¬ 
oxide,  (2%) ,  formaldehyde,  (3*7%),  and  methanol,  as  well  as  traces  of  formic  acid 
(figured  on  the  weighed  sample,  (cf.  pages  814  and  813). 

A  consideration  of  the  experimental  data  obtained  allows  us  to  propose  the 
following  mechanism  for  the  thermal  oxidative  degradation  of  polyorganosiloxanes. 

The  oxygen  of  the  air  attacks  the  carbon  atom  attached  to  the  silicon  in  the 
polymer  molecule;  in  this  case,  hydroperoxides  are  formed  at  first,  and  are  then 
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rapidly  broken  down* 


o,  ~ 


0—0 


CH, 

-o— ii-o- 

A 


+  o-o - 


CHjOOH 

-  O— £i— O- 
I 

o 

I 


(I) 


The  hydroperoxide  is  cleaved,  forming  formaldehyde  and  an  OH  radical: 


CHfOOH 

O-Aj— O- 


O 

I 


-0— Si— O- 
I 

o 

I 


-*  <:h*o  +  oh 


(II) 


The  OH  radical  reacts  with  a  positively  charged  silicon  atom  in  the  polymer  molecule 
by  adding  to  it: 


-0-Si— a-  +  HO- 

A 


OH 

-O-ii— O- 

A 


(III) 


A  A 

— O— ^i— OH  4-  HO — !i — O - » 

A  A 

i  i 


A  A 

O-ii-oJi-0  +  HjO 

A  A 


I 


(IV) 


The  formaldehyde,  on  thermal  cleavage  forms  mainly  carbon  monoxide  and  hydrogen 
(Bibl.96) 


CH,0 - >  CO  +  H, 


(V) 


For  this  reason  carbon  monoxide  is  the  principal  gaseous  product  of  degradation. 
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Part  of  the  formaldehyde,  under  the  conditions  of  our  experiments,  is  oxidized  to 
carbon  dioxide 


CH»0  +  O, - ►  CO,  +  H,0 


(VI) 


and  to  formic  acid.  The  existence  of  this  reaction  explains  why  the  quantity  of  wa¬ 
ter  obtained  on  the  analysis  is  somewhat  greater  than  could  have  been  liberated  by 
the  condensation  of  the  hydroxyl  groups  formed  (Pomula  17). 

This  mechanism  is  confirmed  by  the  following: 

(1)  the  formation  of  formaldehyde,  CO,  and  HjO  on  the  thermal  oxidative  degrade^ 
tion  of  polymethylsiloxanes ,  and  the  good  agreement  between  the  calculated  and  found 
cleavage  products; 

(2)  by  the  formation,  in  large  quantities,  of  hydroxyl  groups  at  the  tempera¬ 
tures  at  which  an  intense  disruption  of  the  Si-C  bonds  in  the  polymers  takes  place. 

In  this  case,  the  HO  group  enters  with  difficulty  into  condensation  at  a  high  tem¬ 
perature,  owing  to  the  fact  that  the  contact  between  them  is  hindered. 

On  conduct  of  the  degradation  of  polymethylsiloxane  in  two  experiments,  the 
following  results  were  obtained. 


Experiment  I  Experiment  II 


Weighed  Sample,  g 
Loss  of  Weight,  g 
Water 

Content,  g  . 
Content,  %  . 
Carbon  Monoxide 
Content,  g  . 
Content,  %  . 
Carbon  Dioxide 

Content,  g  . 
Content,  %  . 
Heavy  Hydrocarbons 
Content,  g  . 
Content,  %  . 


1.0876 

0.1104 

0.1855 

17 

0.2720 

25 

0.021  'J 

2 

0.0029 

0.2 


1.0900 

0.00678 

0.1541 

14.1 

0.2291 

20.9 

0.0397 

3.6 

0.0063 

0.6 
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Analysis  of  the  specimens  after  degradation  gave  the  following  results: 


Results  of  analysis 

Carbon  . 

Hydrogen  .  .  •  . 
Silicon  •  .  .  . 
Hydroxyl  groups 

Water  . 

H/C  ratio,  %  .  .  .  . 
C/Si  ratio,  %  .  .  .  . 


Experiment  I 

Experiment  II 

3.97 

6.15 

1.13 

1.83 

44.52 

44.5 

— 

0.48 

— 

0.02 

3.42 

3.58 

0.20 

0.32 

The  quantities  of  CO  and  H^O  liberated  were  calculated  from  these  analytical 
data.  Comparison  with  the  quantities  found  shows  the  quantity  of  CO  liberated  to  be 
close  to  the  calculated  value,  while  the  quantity  of  water  liberated  exceeds  that 
calculated. 

The  calculation  was  based  on  the  following  data: 

Experiment  I.  According  to  the  analysis,  the  C/Si  ratio  is  0.20;  consequently 
0.80  mol  of  CH^  groups  was  degraded  for  each  silicon  atom.  The  weighed  sample  con¬ 
tained  0.0162  mol  of  CH^J  consequently,  0.01295  mol  (or  0.1943  g)  of  CH^  was  de¬ 
graded.  Hence  the  calculated  quantity  of  CO  should  be  0.3622  g. 

Found:  0.2720  g  CO 

0.0139  g  CO  (on  account  of  the  CO^) 

0.0340  g  CO  (on  account  of  CH^O) 

0.0262  g  CO  (on  account  of  CH^OH) 

Total:  0.3461  g  CO 

The  quantity  of  water  liberated  by  the  oxidation  of  0.1943  g  of  CH^,  provided 
the  two  hydroxyls  formed  condense  to  water,  should  be  0.1166  g.  Found;  H^O  0.1855  g. 

Experiment  II.  The  weighed  sample  contained  0.0163  mol  of  CH^.  The  C/Si  ratio 
in  the  polymer  after  degradation  is  0.32;  therefore  0.68  mol  of  CH^  groups  was  de¬ 
graded  (0.011134  mol  CH^=  0.1670  g  CH^).  From  this  quantity  of  CH^,  0.3117  g  of  CO 
should  be  obtained. 
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Found:  0.2291  g  CO 

0.0253  g  CO  (on  account  of  COj) 

0. 0340  g  CO  (on  account  of  CH^O) 

0.0262  g  CO  (on  account  of  CH^OH) 

Total:  0.3146  g  CO 

The  quantity  of  water  liberated  by  the  oxidation  of  0.1670  g  of  CH^  should 
amount  to  0.1002  g.  Found:  H^O  0.1541  g. 

This  mechanism  of  reaction  allows  us  to  predict  the  thermal  stability  of  the 
polyorganosilox&nes  from  the  structure  of  the  organic  radical  or  groups  attached  to 
the  silicon  atom. 

Thus,  according  to  the  degradation  mechanism  which  has  been  presented  above,  it 
is  easy  tc  understand  why  polyethylailoxane  is  degraded  more  readily  than  polymethyl- 
siloxane:  the  point  is  that  the  -CH^-  group  of  the  ethyl  radical  attached  to  the 
silicon  atom  is  more  easily  oxidised  than  the  CHy  group. 

It  should  be  noted  that  the  polyorganosiloxanes  with  linear  chains  are  more 
sensitive  to  thermal  oxidative  degradation  than  the  polyorganosiloxanes,  which  con¬ 
sist  of  cross-linked  and  three-dimensional  molecules.  It  is  very  clear  here  how  an 
insignificant  quantitative  modification  in  the  chwaical  composition  of  the  polymer, 
leading  to  a  qualitative  modification  in  its  structure,  allows  us  to  prepare  high- 
molecular  substances  of  sharply  different  properties.  This  is  explained  by  the  fact 
that  a  change  in  the  molecular  structure  from  linear  to  three-dimensional  leads  to  a 
considerable  restriction  of  the  mobility  of  the  molecules  at  high  temperatures.  In 
polymers  with  linear  molecules,  the  mobility  of  the  chains  is  restricted  by  the 
rigidity  of  the  single  Si  -  0  bond.  The  disruption  of  such  a  molecular  chain  in¬ 
volves  the  rupture  of  a  single  Si  -  0  bond.  In  polyorganosiloxanes,  thermal  oxida¬ 
tive  degradation  may  proceed  either  at  the  less  energetically  stable  Si  -  C  bond  or 
at  the  stable  bond  Si  -  0.  To  rupture  the  Si  -  0  bond,  a  more  energetic  barrier  must 
be  overcome  than  to  rupture  the  Si-C  bond,  but  here  the  structure  of  the  linear  mol- 
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ecules  in  the  polyorganodiailoxanea  must  be  taken  into  account.  Recent  data  indicate 
that  the  molecular  chains  in  polydimethylsiloxanes  are  of  spiral  structure,  with 
three  or  more  silicon  atoms  in  the  spiral  (Bibl.94).  When  the  polymer  is  heated  to 
high  temperatures ,  such  a  structure  creates  favorable  conditions  for  rupture  of  the 
chains  and  ring-closure*  This  view  is  also  confirmed  by  experimental  observations. 
When  po lydimet hy la ilox&ne  is  heated  in  vacuo  to  high  temperatures,  it  breaks  down 
into  low-molecular  cyclic  polymers  without  appreciable  rupture  of  the  Si-C  bonds. 

* 

(R,SiO]r  — ►  (R*SiO)B  -f  (RjSiO)n  +  (R,SiO)B 

On  degradation  in  vacuo,  the  spiral  structure  of  the  molecular  chains  exert  a 
greater  influence  on  the  process  than  the  difference  between  the  Si-C  and  Si-0  bond 
energies. 

Under  thermal  oxidative  degradation  of  po  lydimet  hylsiloxane  and  polydiet  hyl- 
siloxane,  destruction  of  the  molecules  is  observed  not  only  at  the  Si-C  bond,  but 
also  at  the  Si-0  bond. 

The  rupture  of  the  Si-0  bond  is  already  observed  at  300°C,  and  at  UQCPC  it 
proceeds  at  great  intensity.  After  3  hours  of  heating,  one  specimen  of  polydimethyl- 
silonne  lost  60*  of  its  weight. 

In  polyorganos^loxanes  with  a  three-dimensional  molecular  structure  (including 
cyclic  polymers  as  well): 
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the  detachment  of  a  unit  of  the  chain,  or  of  a  large  segnent  of  the  chain  of  the 
polymeric  molecule  involves  the  necessity  of  its  rupture  at  three  "points",  or  at 
two,  if  the  polymer  contains  cross-linked  molecules.  This,  in  turn,  involves  the 
destruction  of  two  or  three  energetically  stable  Si-0  bonds.  For  this  reason  no 
destruction  of  the  molecular  chains  at  the  Si-0  bond  is  observed  in  polyorganosilox- 
anes  with  a  three-dimensional  structure,  regardless  of  the  nature  of  the  organic 
radical,  even  at  550°C. 

Cementing  and  Impregnating  Compositions  and  Materials  Based  on  Organoailiiftftn 
Compounds 

The  hydrolyzed  esters  of  orthosilicic  acid  are  most  widely  used  as  cementing 
and  impregnating  compositions .  They  are  able  to  cement  various  inorganic  materials, 
and  have  found  application  in  the  manufacture  of  cement,  making  molds  for  precision 
casting,  the  impregnation  of  various  porous  materials,  etc. 

Cements 

Cements  are  prepared  by  mixing  a  hydrolyzed  ester  of  orthosilicic  acid  with  a 
filler. 

Aluainosilieate,  sillimanite ,  quarts  flour,  talc,  slags  and  pi^oents  may  be 
used  as  the  filler.  One  of  the  most  essential  factors  determining  the  strength  of 
the  composition  is  the  grain-size  composition  of  the  filler,  which  is  so  chosen  that 
the  interstices  between  the  large  particles  shall  be  filled  at  maxima  density  with 
small  particles  (2  -  5h). 

Better  results  are  obtained  when  the  binder  used  is  a  partially  hydrolyzed  es¬ 
ter  containing  1.5  -  2 %  of  a  condensing  agent.  Before  the  article  is  molded,  tech¬ 
nical  (9 U%)  ethyl  alcohol  is  added  to  the  mixture  of  ester  and  filler.  The  optimum 
quantity  of  moisture  necessary  for  completion  of  the  hydrolysis  ranges  from  3  to  5* 
of  the  quantity  of  ester.  If  more  than  6$  of  water  is  introduced,  the  nuaber  of 
residual  ethoxy  groups  will  be  diminished,  so  that  the  strength  of  the  article  suf- 
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fers  appreciably,  and  it  can  be  extracted  from  the  mold  only  with  difficulty.  If, 
on  the  other  hand,  the  quantity  of  water  drops  to  1.8$)  then  the  drying  time  length¬ 
ens  to  several  weeks,  but  the  strength  of  the  cement  doubles,  provided  the  drying  is 
in  air.  We  give  a  few  recipes  for  cement  compositions: 

I  II  HI 

Filler,  g  100  100  100 

Hydrolyzed  ester  with  2)  of  condensing  agent,  mg  14  18  12 

Technical  ethyl  alcohol  (94$),  ml  7  6  6 

After  the  mixture  has  been  mixed,  it  is  loaded  into  the  mold  and  subjected  to 
vibration  for  a  few  minutes,  after  which  it  is  hardened  in  air  or  in  a  kiln.  The 
following  data  characterize  the  increase  in  the  strength  of  an  article  (Recipe  I) 
when  heated  gradually: 

Strength  of  article,  kg/cm^ 


After  24-hour  air  drying 

154 

After  sintering  at  300°C 

177 

at  700°C 

196 

at  1000°C 

200 

at  1500°C 

384 

Thus  there  is  a  considerable  gain  in  strength  at  a  temperature  over  1000°C.  An 
article  made  by  Recipe  I  has  an  absolutely  smooth  surface;  an  article  made  by  Re¬ 
cipe  H  has  a  surface  recalling  that  of  porcelain.  Recipe  III  gives  a  composition 
with  minimum  shrinkage,  allowing  precise  reproduction  of  the  assigned  measurements 
of  an  article. 

Cement  hardened  in  the  cold  is  resistant  to  acids  and  weak  alkalies.  Hater  on¬ 
ly  improves  its  mechanical  properties.  The  porosity  of  such  an  article,  determined 
by  icmersion  in  water  for  24  hours,  is  0*5$.  When  sintered  at  300°C,  the  article 
acquires  resistance  to  concentrated  alkali  solutions.  But  sintering  also  gradually 
increases  the  porosity  of  the  article;  after  heating  to  1000°C,  its  porosity 
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reaches  11-12$.  The  porosity  may  be  decreased  by  treatment  with  a  5$  alcoholic 
solution  of  hydrolyzed  ester.  This  leads  to  filling  of  the  pores,  but  when  the  bak¬ 
ing  is  repeated,  it  results  in  additional  increase  of  porosity. 

A  thin  layer  of  cement  may  be  evenly  distributed  on  the  inner  surface  of  a 
steel  pipe  by  rapidly  rotating  it.  The  coating  has  good  adhesion  to  steel  and  does 
not  crack  disintegrate  on  sintering,  in  spite  of  the  difference  in  the  coefficients 
of  expansion. 

The  following  temperature  conditions  may  be  recomnended  for  sintering  cement 
mixtures: 


Air  drying 

24  hours 

Heating 

to  100°C 

2  hours 

to  100°C 

1  hour 

to  200°C 

2  hours 

to  500°C 

2  hours 

The  temperature  may  then  be  increased  at  ary  rate  desired.  In  this  way  articles 
resembling  ceramics  can  be  manufactured  on  the  base  of  hydrolyzed  tetraethoxysilane, 
using  either  kiln  or  air  drying,  and  the  metal  parts  can  be  inserted  in  them  without 
any  risk  of  corrosion.  The  adhesion  of  the  cements  may  be  strengthened  by  adding  a 
solution  of  vinyl  acetate  in  a  mixture  of  alcohol  and  acetone  to  the  alcohol  used 
for  the  hydrolysis.  The  porosity  and  moisture  adsorption  may  be  reduced  to  a  mini¬ 
mum  by  adding  alkylpolysiloxanes  to  the  composition. 

Hydrolyzed  tetraethoxysilane  may  be  used  as  a  binder  for  abrasive  wheels.  The 
mixture  of  abrasive  powder  with  hydrolyzed  tetraethoxysilane,  after  molding,  is 
dried  apd  fired  as  with  the  cement  compositions. 

Precision  Casting  (Bibl.34) 

The  use  of  hydrolyzed  tetraethoxysilane  in  making  molds  for  what  is  termed 
precision  casting  is  of  very  great  importance.  By  means  of  such  molds,  castings  can 
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be  made  to  reproduce  the  assigned  dimensions  within  0.2  mm,  and  very  vital  parts  can 
be  produced  with  relative  ease.  There  is  a  very  extensive  literature  devoted  to  the 
use  of  tetraethoxysilane  in  mold-making  for  precision  casting.  We  present  one  of  the 
methods  of  making  molds  and  castings,  the  wax  pattern  method. 

Mold-making  for  precision  casting.  A  wax  pattern  of  the  article  is  made  in  a 
mold  of  fusible  alloy  (for  instance,  of  bismuth  and  tin).  A  set  of  wax  patterns  is 
sprinkled  (with  an  atomizer)  with  a  mixture  of  partially  hydrolyzed  ester  and  a  con¬ 
densing  agent  (2%),  alcohol,  water,  and  a  finely  ground  filler  that  resists  the 
metal  being  cast,  at  its  melting  point  (aluminosilicate  or  quartz  flour).  After  the 
wax  patterns  have  been  dried  in  air,  they  are  coated  with  a  second  layer,  again 
dried,  and  molded  with  a  mixture  of  hydrolyzed  ester,  alcohol,  water  and  filler, 
which  contains,  together  with  fine  granules,  also  coarse  particles,  for  instance 
floor  sand.  The  mold  is  placed  on  the  vibrating  table,  and  then  air-dried  for  2ly 
hours.  The  wax  is  then  melted  out  at  low  heat,  and  the  mold  is  then  gradually  heated 
to  80G-1000°C.  After  the  mold  has  cooled,  the  metal  is  poured  into  it.  It  is  then 
cooled  and  knocked  out.  The  article  is  moved  from  it  and  sand-blasted.  Sometimes 
hydrolyzed  sodium  silicate  is  used  instead  of  tetraethoxysilane  to  spray  the  wax 
patterns.  In  this  case,  the  presence  of  aodiim  ions  lowers  the  melting  of  the  metal 
being  cast.  Without  a  condensing  agent,  sodirn  silicate  gives  more  reliable  results 
than  tetraethoxysilane,  but  in  the  presence  of  a  condensing  agent  it  is  simpler  and 
better  to  work  with  tetraethoxysilane. 

Impregnating  Compositions 

Hydrolyzed  tetraethoxysilane  is  also  used  to  reduce  the  porosity  of  various 
materials.  An  impregnating  mixture  is  prepared  by  mixLnr  315  liters  of  tetraethoxy¬ 
silane  with  a  mixture  of  50.7  liters  of  water  and  135  alters  of  technical  al¬ 
cohol  until  dissolved,  after  which  250  liters  more  of  tetraethoxysilane  is  added  to 
the  mixture.  Impregnation  with  it  can  increase  the  resistance  to  water  of  such  ma¬ 
terials  as  bricks,  graphite,  asbestos,  paper,  leather,  cork,  textiles,  or  stucco. 
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Highly  porous  materials  are  impregnated  and  dried  twice  (Bibl.33) .  To  preserve  wood 
from  rotting,  it  is  Impregnated  with  phenol  or  naphthol  esters  of  orthosilicic  acid, 
hydrolyzed  in  the  presence  of  asmonia  or  alkaline  salts. 
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Prica,F.P.  582  ff. 

Rank,F.  222 
Rautar  135 

Raid,C.  56,  135  ff,  312 

Reid,B.E.  314 

Raid, J  «D.  698 

Rai»an,V.  314 

Rannlng,J.  582 

Reyaa,A.  314 

Raynolds,E.  680  ff. 

Reynolds, H.  136,  224,  682 

Rautar, H.  314 

Rlohtar,0.  820 

Rick  ling  821 

Robinson  583 

Robinson,R.  584,  612 

Robinson,S.R.  136,  581 

Rochow,E,G.  56,  135,  314,  581  ff,  612, 
819  ff. 
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P.ochow,J,  820 
Rose, A.  314 
Rose,R.  820 
Rosen, R.  682 
Roth,W.L.  222,  820 
Rove,F.  315,  380,  698 
Ruff,0.  137,  680 

Saffer,C.M.  55,  135  ff,  221  ff. 

Sands, J.  224 
Sapper,A.  224 

Sauer,R.O.  56,  222,  312  ff,  379,  582  ff 
680,  698 

Seaton, E.  680 

Schafer  820 

Schlenk,W.  223,  582,  612 
Schlesinger,H,  223 
Schmallfuss  581 
Schmidt, F.C.  583,  682 
Schmith,R.  222,  819 
Schreiber,W.  698 

Schumb,W.C.  55,  335  ff,  222,  225,  315 
Schutsenberger  680  ff,  820 
Schuyten,H.  583 

Schwarn,  72,  135  ff,  222,  315,  820 

Schuyten  698 

Scott, D.W.  222,  820  ff, 

Scott, R.S.  583 
Serullaa  136 


Serwais  583 
Setterston  315 
Severson, P.  222 
Sexauer,W.  680 
Shaw,C.  313 
Shyten  381 
Silver, S.  222 
Simons,J.  583 
Simons,L.H.  582 
Singer, F*  81 8 
Singer,R.  313  ff. 

Sisler  135,  583 
Smith,R.  222 
Sooner  582 

Sooner,  L.  223  ff,  680  ff,  698 

Sooner,L.H.  56,  336  ff,  222  ff,  379, 

581  ff ,  680,  698 

Sonoeski,C.  70  ff,  336  ff,  583,  680  ff. 

Souer,R.  698 

Scwa,F.  136,  582,  585 

Speier,J.L.  223,  582  ff,  680  ff,  698,  820 

Spenser,D.  821 

Spessard,D.R.  582 

Sprung  582 

Steele, A.  223,  :  ,612 

Stellar  315,  380 
Stetter, J •  315 
Stevens,A.  335,  820 
Stilwell,W.D.  136,  137 
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Stock, A.  55,  135  ff,  220,  315,  561,  612 
680 

Strien,R.E.  56 
Strong, W.  A.  584,  585 
Swain, G.  56,  583 

Tannenbaum,S.  223 
Tatlock,W.  55 

Taurke,F.  136,  223,  582,  612 
Taylor,A.G.  136  ff,  222,  582 
Taylor,  P.W.  820  ff 
Teeter, H,  315 
Thomson, R.  214 
Thorpes  820 
Tofani  680 

Tomborski,Ch.  380,  698 
Tox,H.W.  820 
Tlod,F.  582 
Tlood.E.  56 
Trans, N.S.  222 
Trost,L.  136 
Tyl*r,L.  582 
iyier,UH.  582 
Tyler,L.J.  222,  612 
Tyler,L.S.  612 

Wagner, A.  136,  582 
Wagner, J.  582 
Walden, B.V.  136,  222,  412 
Wall,F.  222 
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Wameche,R.  135 

Waring, C.E.  222 

Warneke,R.  820 

Warren,H.N.  136 

Warrick, E.I.  222  ,  582,  820  ff. 

Weaner,J.W.  698 

Weinlig,K.  135 

Weir, C.E.  820 

Weiss  680 

Welkins, C.  135 

Whisfeld,W.  136 

Whitmore, F.C.  56,  221  ff,  583  ff,  612, 
680,  698 

Widdowson,R.R.  136 
Wilcey,R.  222 

Wilcock,D.F.  55,  222,  582,  698,  81 8  ff 

Wilkins, H.  56,  583 

Wilstaetter,  135 

Winslow, A.  581 

Wintgen,R.  223,  583 

Wirbelauer,W.  680  ff. 

Wistrong,L.  57 
Witcki,R4(.  583 
Witucki,RJ(.  581 
Wohler,F.  70 
Wood,S.A.  820 
Wonren,H.N.  820 
Woehler,F.  136,  680 
Wright, N.  56 


Uchida,S.  315 


Young, R.B.  223  ,  379 


Vernon  315 
Vigcurotuc  680  ff 
Von,A.E.  818 


Zaehariaaen  8 18 
Zeidler  137 
Zenany  582  ff. 
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SUBJECT  DIDEX 


Azeotropic  mixtures  of  chlorosilanes  425 
boiling  points  47 6 

Alkylsainoalkylsiloxsnes 
physical  properties  659 
Alkyl- (aryl  )- 

aoinoalky la  lianas  657  f f 

aminohalosilanea  649 
aminosilanes 

polymerisation  635 
preparation  621 
physical  properties  637 
bromosllanes 

preparation  457 
physical  properties  470 
halosilanes  (see  alkyl- (aryl)  halo  silsnes) 

1  mi  nosilanes  651 

iodosilanes 

preparation  459 
specific  reactions  500 
physical  properties  470 
trichlorosilanes  467 

fluorosilanes,  see  alkyl- (aryl)-flnorosilanes 
flnorochlorosilanes 

physical  properties  473 
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chloroailanes 


hydrolysis  529 
preparation  384  ff,  434,  444 
thermal  rearrangement  490 
fluorination  452 
Alkyl- (aryl)-halo  silanes  383 
acylation  478 

interaction  with  sulfuric  acid  488 
hydrogenation  480 
dipole  moments  475 

reactions  with  and  with  nitrogen-containing  compounds 

with  sodium  483 
with  metallic  oxides  488 
with  sodium  trlmethylsilanolate  488 

containing  a  silicon-hydrogen  bond  435,  442,  475 

physical  properties  462 
formulas  for  boiling  point  determination  463 
chemical  properties  477 
esterification  477 
Alkyl- (aryl )-fluorosilanes 
hydrolysis  500 
preparation  448  ff. 
specific  reactions  500 
thermal  stability  500 
physical  properties  472 
esterification  500 
Alkylacetoxysilanes,  preparation  477 
Alkyltrialkoxysilanes,  hydrolysis  368 


482 


F-TS-9191/V 


838 


Alkoxyaminoalkylsilanea  657  ff. 

A Ik oxy- ( a rvloxy ) - aminos ilane 8  641  ff. 
Alkoxyailanes,  preparation  242 
Alkoxychloroailanes,  formation  96 
Allyldibutylphenylsilane  180 
l-AHyldimethyl-2-trimethyldisiloxane  695 
Allyldichlorosilane  422,  475 
Allyldimethyldiphenylailane  180 
Allyl-  (2-methy 1-4-pen tenyl)-dimethylailane  181 

Allyl- ( p -me thyl-4-pentenyl )-methylsllane  152 

Allyloxydi- ( cyclohexyloxy )-chlorosilane  298,  306 

Allyloxytrichloroailane  299,  304 
Allyloxytriethoaysilane  242 
Allyloxychloroallanea,  preparation  299 
Allyloxycyclohexyloxydichloroailane  302 
Allyltriangrloxysilane  335 
Allyltributylallane  180 
Allyltrlatethylallane  180 
preparation  173 
reactions  188 
A llyltri propyls ilane  180 

AUyltrichloroailane  422,  466 
AUyltriethylailane  180 
AUyltriethoxyailane  287,  334,  335 
preparation  327 

AUylchloroailanea,  preparation  422 
AUylethyliaobutylbencylailane  180 
Aaylenetriethylailane  181 
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Amyloxytrichloroailane  304 
Aayltriallyloxyailane  333 
Amyltriiodoailane  462,  471 
Aayltrifluoroailane  456,  472 

Aajyltrichloroailane  43d,  466 

Amyltriethoagrailane  333,  335,  374 

Aminodiailane  618 
Ainincmethyldiinethylphenylailane  662 
Ajnincn»thyldiaiethy  lathy lailane  662 

Aminonwthyldi-(methyl)-ethoxyailane  663 
Amincmathyltrimethylailane  661 
Aminomethyltriethylailane  662 
Amlnoailanea  617 
analyaia  620 

Aminotriailane  618,  619,  635 
Aminophenylailanes  164 
p-Aminophenyltriethoxyailane  289,  334 
Amino- o-chloroe thy ldlathylailane,  preparation 
Anhydridea  of  ailicic  acid  101 
Acetoxymethylpentaa*  -hyldiailoxane  529,  696 
1,2-AcetojQrmethyltetramethyldiailQxane  529 
Acetoxymethyltrimethylailane  212 
Acetoxyethyltriethylailane  212 
fi-Aceto- (methyl )-athyltrimathylailane  211 

£ - Aceto- ( ethyl )-ethy ltrimethylailane  211 

Banay ldi c hloro a i lane  402,  476 
Bensyltriiaocyanatoailana  665 


623 
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Benzyltrichlorosilane  467 
chlorination  510 
Benzyltriethoxyailane  334 
1, 2 -bis- ( chlorone thyl )- tetraaethy ldisiloxane 
p-biphenyltriethoxysilana  334 

1- Bomyloaytrichloroailana  304 

a-Bronovlnyldimothojcy&cetoxysilane  334 

3- Brcaiovlnyltriethylailane  180 

a-Bronovinyltriethoaysilane  334 
p-Bromoiaagnesiumphenyltriethylailane  196 
Broncmethyltribronoailane  443 
l~Brono-5-nathoxyphanyltrichloro8ilana  516 
P-Braaopropyltriaethylailana  188 
Y-Bix»»propyltrinethylailane  19 
Bronoailane  122 

Bronotriiodoailane  119 
p^Broaophenyltriisobataxyailane  334 
p-BronophanyltrlMthoaqrailana  334 
P-Brtxnophenyltrlpropoxysilane  334 

4- Bromoph  any It ri c hloro s i lane  516 
p-Bronophanyltriathoxysilana  334 
Butadianetriethylailane  181 

2- Butenyltrichloroailane  466 

3- Butanyltrichlorosilana  466 

tert-Butylaminooethyltriinethylsilane  661 
tert-Butylbutyldihydroxysilane  607 

tert- Butyl- ( hexadocyl )-dihydroxysilane  607 

Butyldifluorochlorosilane  454,  474 


538 
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Butylenetrimethylsilane  181 
tert-Butylmethyldihydroxy  silane  607 
Butylsilane  148,  152 
Butyltriisocyanatosilane  665 
Butyltriiodosilane  462,  472 
Butyltriphenylailane  168 
Butyltrifluoroailane  454,  456,  472 
Butyltrlchloroailane  466 
preparation  408 
fluorination  454 

tert-Butyltrichloroailane  106,  466 
preparation  406 
chlorination  510 
Butyltriethoxyailane  334 
hydrolysis  273 

tert-Butyl-(phenyl)-dihydraxysilane  607 
Butylfluorodlchloroailane  454,  475 
Butoxydiasyloxysilane  254 
Butcacydi-tert-butoxyaainoailane  643 
ButoxyMthyltriaathylsilane  207,  21 2 
Butoxy-tert-butoxydlajainoailane  643 
aec-Butoocy-tert-butoxydiaainosilane  643 
Butaxytrichloroailane  302 
Vinylacetylenetributylailane  183 
Vinylacetylenetrimethylailane  183 
Vinylacetylenetripropylailane  183 
Vinylsilane  152 
V iny It riallyloxy silane  334 
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V inyltriallylsilane  180 

V inyltriamylsilane  180 

Vinyltribenzylailane  180 
Vinyltributylsilane  175,  180 
Vinyltrihexyleneoxysilane  334 
Vinyltriheayloxysilane  334 
V  inylt riheptyloxy  s i line  334 

Vinyltriisoamyloxy  silane  334 
Vinyltrimethylsilane  180 
V inyltri- ( p -me thoxy ethoxy )- silane  334 

Vinyltrioctyloxysilane  334 
V inyltripropyls ilane  180 

V inyltripheny la  ilane  180 

Vinyltriphenoxysilane  334 
Vinyltrichloroailane  175 
Vinyltri-CP-chloroethojqO-silane  334 
V inyltriethylailane  180 

Vinylchloroailanes  f  preparation  428 
High  molecular  compounds  containing  silicon  700  ff . 

Haloalkyl- ( haloary 1 )-halosilanss 
preparation  502  ff. 
chemical  properties  517  ff* 

Haloalkyl- ( haloaryl )-chlorosilano 9 ,  hydrolysis  529  ff* 
Halosilanes 

oxidation  127 

chemical  properties  122  ff. 

Halosiloxsnes,  properties  129 

Halo  di-esters  of  orthosilicic  acid  299  ff. 
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alkylation  310  ff. 
hydrolysis  306 
preparation  299 
reactions  312 

thermal  decomposition  (synmetrisation)  311 
physical  properties  303,  304,  306 
chemical  properties  306 
Guaiacyloxytrichlorosilane  304,  311 
Haxaallyloxydisiloxane  254 
Heocaanyldisiloxane  694 
Haxsacetylenedisiloxane  396 
Hexabenzyldisilane  219,  220 
Hexabensyldisllaxane  694 
Hexabromodisilane  132 
Hexsbromodisiloxane  127 
Hexabutylacetylenedisilane  103 
Hexabutyldisilox&ne  694 
Hexsbutoxyaainodisilane  644 
Hexahutoxydisiloxsne  254 
Hexabutozycyclotrisiloxane  254 
Heocadecabutoxycyclooctasiloxane  254 
Hexadecazaethylcyclooctaailoxane  552,  694 
Hexadecachloroheptasiloxane  129,  130 
Hexadecaethylcyclooctasilazane  354 
Hexadecyltrichlorosilsne  466 
Hexaisocyanatodisiloxane  664 
Hexaiodosilane  132,  135 
Hexasilyldisiloxane  692 
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Hexamethallyloxydisiloxane  246,  254 
Hexamethylairl  nodi  silane  635 

preparation  621 

Hexamethylacetylenyldisilane  182 
Hexamethyldisilane  12,  217,  219 
Hexamethyldisiloxane  27,  325,  446,  536,  595,  694 
Hexamethyldisiloxane  sulfate  603 
Hexamethyldisiloxane  phosphate  603 
Hexamethyldifluorodimethylenetrisilane  692 
Hexamethyl-l,3-dichlorotrisiloxane  695 
Hexamethyliminodiailane  595 
preparation  481 

Hexamethyl- (methylamino )-disilane  635 
Hexamethylmethyleneaminanethylenjadi  silane  661 

Hexamethylmethylenedisilane  692 
Hexamethyloxyaethylenedisilane  204,  213 
Hexamethylplumboxy disilane  602 

Hexamethylaulfondioxydisilane,  preparation  602 
Hexamethylcyc lohexa s i loxane  694 

Hexamethylcyc lotri- ( aminos ilane )  641 

preparation  635 
Hexamethylcyc lotrisiloxane  694 

Hexamethoxy-m-dioxyphenylenedisilane  254 
Hexaaethoxy-p-dioxyphenyldisilane  254 
Hexamethoxydisiloxane  254 
Hexapropyldisilane  219 
Hexapropyldiailoxane  694 
Hexapropoxydiailane  239 
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Hexapr opoxydia i loxane  254 

Hexaailane  59 *  64 
Hexatolyldiailane  402 
Haxa-p-tolyldiailane  220 
Haxatolyldiailoxane  694 
Hexaphenylaoinodiailane  151 
Haxaphenyldihydroxytriailcocane  607 
Hejcaphenyldiailane  217*  220*  402 
preparation  484 
Hexaphenyldisiloxane  404*  694 
Hexaphenyldichlorotriailcixane  607 
Hexaphenylcyclotriailoxane  607*  694 
preparation  567 
Haxaphenoxydiailoxane  254 
Hexaf  luorodi a ilane  132*  135 

Hexafluorodlalloxane  130 
Hexachlorodiailanj  73,  135,  402 
Haxachlorodiailaxane  78,  81,  83*  129*  130 
Hexachloro-l,2-dlchloroethylenedisilane,  preparation 
Hexachlorooethylenediailane  324*  432*  684*  692 
m-Hexachlorophenyleneoxydiailane  304 
p-Hexachlorophenyleneoxydiailane  304 
Hexachlorocyclotriaethylenetriailane  692 
Haxachloroethylenediailane  24,  324*  432*  684*  692 
Hexacy c lohexy loxydi a i loxane  241*  254 

Hexaethylaninodiailane  630,  635 
Haxaethylacetylenyldiailane  182 
Hexaethyldioxysulfondiailane  635 


442 
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Hexaethyldisilane  217,  219 
Hexaethyldisiloxane  155,  324,  446,  531,  597,  694 
Hexaethyldisiloxane  sulfate  603 
Hexaethyl- (methyleneaminomethylene )-disilane  661 

Hexaethyloctaethoxyhexasiloxane  366 
Hexaethylsulfondioxy  disilane  533 

Hexaethylcyclotri-(aminosilane)  641 
Hexaethylcyclotrisiloxane,  preparation  575 
Hexaethlnyldi silane,  preparation  697 
Hexaethoxy  disilane  239 

Hexaethoxydisilaxane  254 
Htxyloxytrichlorosilane  301,  303,  311 
Hexyltrichlorosilane  466 
Hexyltriethoxysilane  321,  334 
rate  of  hydrolysis  365 
Gels  of  silicic  acid  710  ff. 
Heptabutylnonaethoxyheptasiloxane  370 
Heptamethyltrisiloxane  694 
Heptamethyl-2-chloromethyltrisiloxane  695 
Heptamethylchlorcmethylcyclotetrasiloxane  527,  555 
Heptaethylnonaethoxyheptasiloxane  369 
Heptyltrimethylsilane  166 
Heterocyclopentamethylenedichlorosilane  472 
Mercurochloromethyltrimethylsilane  678 
Mercurochloroethyltrimethylsilane  678 
Dimethylaminanethyltriinathylailane  hydrobromide  659 
Hydroxyaayltrimethylsilane  200,  206 
Y-Hydroxy-(dimethyl)-propyltrimethylsilane  211 
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3-Hydroxy-  ( dimethyl  )-ethyltrimethylsilane  2 11 

Hydroxyl  derivative  organosilanes  522 
Hydroxymethyltrimethylailane  206 
Y-Hydroxypropyltrimethylsilane  200 
1,2-Hydroxytetraphenyldisiloxane  695 
Hydroxyethyltriethylsilane  206 
Aminomethyldimethylphenylsilane  hydrochloride  660 
Aminomethyltrimethylsilane  hydrochloride  659 
Aminomethyldi-(methyl)-ethoxy8ilane  hydrochloride  662 
Aminomethyltrimethylsilane  hydrochloride  659 
Hexamethylmethyleneaminanethylenediailane  hydrochloride  660 
Dimethylaminomethyltrimethylsilane  hydrochloride  659 
Diphenyl tetramethyl-  (met  hyleneaminome  thylene  )-disilane  hydrochloride 
Isopropry laminomethyltrimethylsilane  hydrochloride  659 
Hethylamlnomethyltrimethyleilane  hydrochloride  659 
Octadecylamlnonethyltrimethylsilane  hydrochloride  660 
Dicyclohexylaadnoinethyltrimethylailane  hydrochloride  659 
Disilicic  acid  711 
Silicon  dioxide  75 

action  of  halides  707 

properties  of  various  modifications  706 
heat  of  formation  127 

Decabromotetrasilane  135 

Decabroootetrasiloxane  127,  129,  130 
Decabutojsycyclopentasiloxane  254 
Decaoethylhexasiloxane  494 
Decamethyldichloropentaeilcxane  494 
Decaaethyltetrasilojcane  494 


660 
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Decamethyl-2,3 ,4,  5-tetra-  (chloromethyl)-hexasiloxane  495 
Decamethyltrimethylenetetrasilane  689,  693 
Decaoethylcyclopentaailoxane  494 
Decaaethoaytetrasiloxane  254 
Decachlorotetrasilane  135 
Dacachlorotatrasiloxane  79,  81,  129,  131 
Decaethylcyclopentaailoxane  354 
Decaethoxytetraailoxana  254 
Degradation 

of  alkyl- (aryl)-silanea  l6l,  184,  220 

of  polyorganosiloxanea  799  ff. 

of  esters  of  orthosllielc  acid  294 
Decyltrlchloroallane  467 

Dialkyl- (diaryl )-dichlorosilanea,  physical  properties  468 
Dialky lchlorosilane  Ion  498 

Diallyldlnethylsilane  179 
Diallyldichlorosilane  428,  468 
Diallyldiethylsilane  173,  179 
Diallylaethylsilane  152 
Diallyloxydiisobutoxyailane  254 
Diallyloxy-a-naphthyloxysilana  254 
DiAllyloxydipropojcyailane  254 
Diallyloxydi-tert-tutoxyailane  254 
Diallyloxydichloroailane  299,  302 
Diallyloxydiethoxyailane ,  preparation  236 
Di- (ally  lc*y)-cyclohe^r  lchlorosilane  306 

1,2-Diallyltetranethyldisiloxane  493 
Diaayldiallylo^yailane  334 
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Dianyldifluoroailane  472 
Ed-tert-anyloxydiaminosilane  642 
Diaminodiiminodisilane  653 
Di- ( ami nonethyl )-tetrane thy ldlailoxane  658 

Di-(m-am±nophenyl)-diethylailane  2X5 
Di-(acetaminophenyl)-diethylailane  215 
1,2-Diacetoxymethyltetramethyldiailoxane  695 
Dibenzyldibutoaqrailane  334 
Dibensyldihydraxyailane  607 
Dibenzyldiphencayailane  334 
Dibenzyldichloroailane  467*  486 
Dibenzylchloroeilane  473 
preparation  402 
Dibenzylethylpropylailane  177 
Di-levo-bornyloxydichloroailane  304 
a-Dibromo-p-bromoethyltriethcayailana  334 
Dibronodiiodoailane  119 
P,  Y-Dibrcoopropoxytrichlorosilane  303 
Dibromoailane  122 

Di- ( 4-brtmophenyl )-dic hlor o ailane  517 

Di-(brooophenylljnino)-8ilane  633 
p-Dibroiaophenylnitrylailane  633 
a,  p  -Dibroooethyltriethoxyailane  334 
Dibutylaainotrichloroailane  649 
Dibutyldifluoroailane  456*  470 
tert-Dibutyldichloroailane  565 
preparation  406 
Di-tert-butyldichloroailane  406 
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Dibutyldiethoxysilane  334 
Di-tert-butyldiethoxysilane  34 
Dibutyltetraethoxydisiloxane  371 
Dibutoxyamyloxysilane  254 

Di- tert-butoxyaminoalkoxy  s ilanes ,  physical  properties 
Di-tert-butoxydiaminosilane  644 

Di- tert-buto^r- di- ( amino-4-amino-6-butoxy )- silane  646 

Di- te r t- but oxydi( amino- 3 -butoxy) silane  646 

Di- tert-butoxydi ( aminoisopropoxy ) silane  646 

Di- tert-butoxydi ( amino-3-methyl-3-propoxy ) silane  646 
Di-tert-butoxydiaminosilane  641,  643,  644 
hydrolysis  646 

Di- tert-butoxy ( aminoe  thoxy )- silane  646 
preparation  644 

Di-tert-butoxydihydroxysilane  646 

Di-tert-butoxydi(diethylaminoethoxy)-silane  646 

* 

Dibutoxydifluorosilane  304 
Dibutoxydichlorosilane  309 
Di-tert-butojgrdichlorosilane  641 
Di- ( vinylacetylene )-dioethylsilane  183 

Di- ( vinylacetylene ) - dipropyls ilane  183 

Di- ( vinylacetylene ) -die thy lailane  183 

Divinyldichlorosilane  428,  467 
Dihexyloj^rdichlorosilane  302,  303 
Dihexyloxydiethoxys i lane  274 

9, 10-Dihydroanthracene-9, 10- di- ( trialkyl )- silanes  170 

1.3- Dihydroxyhexabensyltrisiloxane  695 

1.3- Dihydroxyhexaphenyltrisiloxane  570,  695 
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1.2- Dihydrcocydiethyldiphenyldiailoxana  695 
M-(hydrosynathyl)-dlnathylailane  203,  206 

1.2- Dihydrcaqrs»thyltetraaethyldi8iloixane  210,  695 

1.2- Dih3rdrcagrtetrabenzyldisiloacane  695 

1.2- Dihydro*ytotraph8nyldiailoxana  570,  695 

Mdecaa»thojsynonaailoxane  253 

Di-P,  Y-dibrcaopropcaqrdichloroailane  303 

Di-  ( p-dimathylaninophanyl  )-dihydraxy ailane  ,  preparation 

Di-(P-P»-dichloroi80propcay)-dichlorosilana  303 

1.2- Di(dichloranethyl)tatrajaethyldi8ilaxana  695 

Mdodecyloj^dichloroailane  302 
DUsoa^ldlnethoaqrallane  334 
Diiaoaayldiathoxysilana  291 
DUaobatyldiehlorosilane  396,  467 
Diiaobutylanedinathylailane  160 
Diisobutylanaaathylsilana  152 
Diiaobutyltatraathyldiailana  219 
Diiaobutyltatraethco^diailaxane  365 

Di  ( isopropylanlnoow  thyl  Jtetranathyldiallcaana  660 

idisopropyldLhjdroaqrsilane  406 
Dilaopropyldiiodoallana  462,  471 
Diiaopropyldiflaoroailane  450,  472 
Diiaopropyldichloroailana  467 
Diisopropyldiethogysilane  334 
Dii aopropoxy- tart-butcxyaninoa liana  469 

DiiMdolnlnodiallanea  617 
Diininoa liana  651 
Diindanyldimethylailane  163 


659 
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Diiodosilane  122 


1.2- Dicarboxymethy  1-1,2- tetranmthyldiBiloxane  21 4 

Dimethoxydichloroailane  304 
Dimethallyloxydi-tert-butaxy  silane  253 

Dioethallyloxydiisobutoxysil&ne  253 
DimethallylosQrdlchlorosilane  303 
Dimethallylchlorosilane  470 
Ddmethylaminooethyltriaethylailane  659 
Dlmethylaalnomonoallane  630 
p-Dioethylaninophenyltriethaaysilarie  334 
p-Dimathylani 1 1 notriethoxysilane  289 
Dlmethylbutoaychlorosilane  331,  334 

3,4-Di- (methyl)-Tinylacetylenyltriethylailane  183 

1.3- I>iii»th7lhaxaii»thcaytri8iloxane  695 

Dimethyl dl ami noailane  486 

Dimethyldlacetcnysllane  334 
Dimethyldibronosilane  332,  471 
Dinethyldi-  ( f?  -brciaoethaxy )  -  silane  332,  334 

Dimethyldibutoxyoilane  329*  334 
Dimethyldihydroxysilane  607 
Dimethyldlieopropylsllane  462 
Dimethyldlcyanatoellane  665 
Dimethyldiiodosilane  471 
Dinethyldi-(3-methc«yethcwy)-silane  334 
Dimethyldlpropylsilane  176 
Dimethyldi- (phenylamino )-silane  635 
Dlmethyldiphenylsilane  176 
Dimethyldifluorosilane  452,  472 
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Dimethyldichloromethy]Jiydraxysilane  596,  598 
Dimethyldichloramethylailane  195 
Dimethyldichloromethylchlorosilane  17 

Dimethyldichlorosilane  12,  31,  379,  416,  424,  444,  468,  476  ,  482  ,  500 
hydrolysis  547 
preparation  394 
flnorination  454 
chlorination  510 

Dimethyldi-  ( (3- chlor  ethoxy )- silane  334 

Dinethyldiethylsilane  176 
Dimethyldiethoxysilane  334,  347 ,  362 
hydrolysis  355,  359 
Dimethyldi-  ((3-ethoxyethojy)-silane  334 
Di-(methylenepentamethyldisilQXKie)-diinethylBilane  693 
Di-1,2- (methylenepentamethyldisiloxane )-tetraaethyldisiloxane  693 
Di-1,2-  (methylenepentamethylaethylenedisilane)-tetraiDethyldisiloxane  693 
Dimethylolphenyldiethoxysilane  289 
2-Dimethyl-4-pentenyltriethylsilane  182 
Dimethylsilane  148,  151 
Dimethylsilicone  539,  729 

Dimethylsiloxanes,  cyclic,  physical  properties  360 

1.2- Dimethyltetraamyloxydisiloxane  695 

1.2- Diaethyltetrabensyldisiloxane  694 

1.2- Dimethyltetrabuto*ydisiloxane  695 

1.2- Dimethyltetramethca^disiloxane  695 

1.2- Dimethyltetraphenyldisiloxane  694 

Dimethyltetrachlorodisiloxane  402 

1.2- Dimethyltetraethoxydiailoxane  695 
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Dimethyltrichloromethylchlorosilane  517 
o,p- Dime  thy  lphenyltri«th<H^silane  289 

1, 5-Dimethylphenyltriethoxysilane  334 
2 , 4- Dimethylphenyltriethoxy  silane  334 

Dimethylfluorochlorosilane  473 
Dimethylchloroiodosilane  462 
Dimethylchloromethylchlorosilane  513*  517 
Dimathylchlorosilane  128 
Dimethy  lathy liaobutylailane  176 

Dimethylethyliodosilane  461 
Dimethy  lathy lpropylailane  176 

Dimethylathylphenylsilene  176 
Dimethy  lathy lfliioroailane  451 

Dimnthylethy le hlorosilane  440,  470 

Dimethy lethaqrtutaxysiltne  373 

DimethaxydiellylooQrsilane  252 
DimethoaytLUaoaH^lQxysilane  252 
Dineth03Qrdll8oc7inato8llan«  665 
Dimethoxydimethallyloxysilane  242,  252 
Dimethaxydichlorosilane  302 
Dimethanydiethoxy  252 
Di- a-naphthyldibutylsiltne  169,  184 

Di-a -naphthy ldipropylsilane  184 

Di-a  -naphthy  ldiphenylailane  169 

Di-a-naphthyldiethoxysilane  169 
Di-a-naphthyl-p-tolylpropylailane  184 
Dinitrylaoinodisilane  652 
Di-  (m-nitrophenyl  )-di«thyl8ilane  215 
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1,2-Di-  ( nitropheny  lcarboxymethyl ) -1, 2- tetramet  hyldisiloocane  695 

3 , 5-Dinitrophenylcarboxyoethyltrinethylsilane  212 

Di- ( oxymsthylphenyl)-diethoxysilane  335 

Dioctyloxydichlorosilane  300 
Di-(pentachlorophenyl)-dichloroeilane  506 
Di- (pentachloroethyl)-tetrachlorodiailoxane  695 

Dipropyldiphenyldiethyldisilane  30 
Dipropyldiflnoro silane,  preparation  453 
Dipropyldichlorosilane  469 
Dipropyldiethoxysilane  456 
Dipropylsilane  148 
Dipropylethylbensylailane  177 
Dipropoxydichlorosilane  302 
Disilane  59 
Disiloxane  122 
Silicon  disulfide  653,  668 
reaction  with  alcohols  250 
Dithymoloxydichloroailane  307 
Di- ( diisothiocyanato )-dimethylsilane  674 

Di- ( isothiocyanato )-diphenylailane  674 

Di-(isothiocyanato)-diethylsilane  674 
Di-(j>-tolyl)-di  hydroxy  silane  607 

Ditolyldichlorosilane  781 
Di-p-tolyldichlorosilane  469 
Di-(trichlorophenyl)-dichlorosilane  506 
Di- ( phenyl ami no )-p-brocophenyl lml nosilane  631 

Diphenylaminodichlorosilane  651 

Diphenylarsyl-  ( phenylene )- trie  thy  lailane,  double  compounds  of: 
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with  mercury  bromide  678 
with  mercury  iodine  678 
with  mercuric  chloride  678 
Diphenyldibromoeilane  472 
Diphenyldihydroxysilane  607 
preparation  565 
Diphenyldiieocyanatoeilane  665 
Diphenyldi-p-tolylsilane  164 
Diphenyldi-(phenylamino)  silane  635 

Diphenyldiphenoxyailane  35,  334 
Diphenyldiflnorosilane  455,  472,  476 
Diphenyldichlorosilane  430,  469,  476,  478,  500 
hydrolysis  566  tf 
preparation  395 
fluorination  454 
partial  hydrolysis  604 
Diphenyl-|3-chloroethoxy8ilans  334 
Diphenyldiethyldipropyldisilane  465 
Diphenyldiethylsilane  19 
Mphenyldiethoaysilane  334 
Di- ( pheny liaino )- silane  655,  657 

Dipheoy ltetramethyl  (methyleneaminoawthy  lene )  di  silane  661 

1.1- Diphenyl-l,2,2,2-tetratolyldisilane  220 

1.2- Diphenyl-l,l,2,2-tetratolyldisllane  220 

Diphenyltetrachlorodisilcocane  402 
Diphenyltriethoxysilane  269 
Diphenylphenojqrchlorosilane  335 
Diphenylfluorochlorosilane  452,  471 
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Diphenylchlorosilane  473 
preparation  402 

Diphenylethynyldiethoxysilane  289,  335 
Diphenoxydichlorosilane  301,  303 
Difluorodibromosilane  119 
Difluoridichloroeilane  119 
Diflnoroeilane  122 

Diflnorotetramethylmethylenediailane  692 
hydrolysis  685 
preparation  685 
Difluorochlorosilane  122 

2 . 2- Mchlorovinyldiehlorosilane  428 
0,  fi-Dichlorovinyltrinethoxyeilane  334 

Dichlorovinyltrichlorosilane,  hydrolysis  528,  428,  440,  516 
a, P-Dichlorovinyltrichlorosilane,  preparation  511 

O,  ^Dichlorovinyltrichlorosilane  516 

preparation  442 

P, P-Dichlorovinyltriethojtysilane  334 

Dichlorohexaphenyltrisiloxane  568 
Dichlorodibronosilane  119 

P,(J-Dichloro-  a,  jS-dibrcooethyltrichlorosilane  516 

Dichlorodiisocyanatosilane  665 
Dichlorodiiodosilane  119 
P,  p’ -Die hloroisopropoxytrichloro silane  302 

1.3- Di-(chloromethyl)-hejouaethyltrisilo»ne  695 

1. 5- Di-(chloromethyl)-decamethylpentasiloxane  695 
Di-(chloromethyl)-dichlorosilane  443 

1. 6- Di- ( chloromethyl )-dodecamethylhexaailoxane  695 


F-TS-9191/V 


858 


1,4-Di- ( chloromethyl)-octamethyltetrasiloxane  695 

Di- ( chloromethyl)-tetramathyldisiloxane  214 

8, Y-Dichloropropyltrimethylsilane  188,  198 
Dichlorosilane  122 

Dichlorotetramethylmethylenediailane  692 
preparation  690 

Dichlorotetraphenyldisiloxane  568,  777 
Dichlorophenyltrihydroxy a ilane  609 
2,3-Dichlorophenyltrihydroxysilane  516 

1.2- Di  (a -chloroethyl)tetrametho3$rdisiloxane  695 

1.2- Di ( 8 -chloroethy 1 ) tetramethoxydisiloxane  695 

1.2- Di(8-chloroethyl)tetrapropoxydiailoxane  695 

1.2- Di  (a  -chloroethy  1 )  tetraethoxydisiloxane  695 

1 . 2- Di ( 8 - chloroethy 1 ) tetraethoxydisiloxane  695 
Dichloroethyltrichlorosilane  527 

1.2- Dichloroethyltrichlorosilane,  pyrolysis  527 
«,8-Dichloroethyltriethoxyailane  334 
Dicyclohexyldihydroxysilane  607 

Dicyc lohexy  ldic  hloros ilane  469 

Dicyclohexyldiphenylsilane  152 
Dicyclohexyl- (phenyl )-chloroailane  468 

Dielectric  constant  of  polymethylsiloxanes  747,  749 
Diethylaminotrimethylailane  628 
Diethylaminotrichlorosilane  649 
Diethylbenzylhydroxysilane  -  600 

1.2- Di- [(ethyl) (butyl) (benzyl) J-disiloxane  694 

Diethyldiallyloxyailane  334 

Diet hyldihydroxys ilane  604,  607 
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Diethyldiiaoamylailane  177 
Diethyldiiaocyanatoailane  665 
Diethyldiiodoailane  459,  470 
Diethyldimethylsilane  168 
Diethyldimethoxyailane  334 
Diethyldipropyldibenayldisilane  219 
Diethyldipropyldiphenyldiailane  219 
Diethyldipropylailane  177 

Diethyldithioiaocyanatoailane,  preparation  672 
Diethyldi-  ( trimethylailoxy  )-ailane  488 

Diethyldi- ( phenylamino )-ailane  635 

Diethyldiphenyleilane  177,  184,  490 
Diethyldiphenoxyailane  334,  379 
Diethyldi fluoroeilane  476 

Diethyldichloroailane  31,  192,  428,  467,  475,  575 
hydrolyala  559  ff. 
preparation  410 

Diethyldiethoxyailane  321,  334,  352 
hydrolyala  350  ff. 
Diethylaethyllodonathylailane  195 
Diethyloctaphenyltetraailane  220 

1.2- Di[ ( ethyl ) ( propyl ) ( benayl ) 3-diailoxane  694 

Diethylpropylchloroailane  468 
Diethylailane  148,  152,  438 

1.2- Diethyltetrabensyldiailoxane  694 
Dlethyltetraiaobutyldiailane  217 
Diethyltetranethylaminodiailane,  preparation  638 

1.2- Diethyltetraphenyldiailoxane  694 
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Diethyltetraphenyldlsiloxane  366,  363 
Diethylphenylhydroxysilane  600 
Diethylphenyl- ( p- ethylphenyl )- silane  177 

Diethylchloroiodosilane  462 
Diethylchlorosilane  473 
praparation  402 

Diethylchloroethylbromosilane  517 
Diethylchloroethy lfluo  ro  a liana  517 

Diethylethoxychloroailane  334 
Di- (ethoxy  )-allyloJcychloroailane  303,  306,  309 
Diathoxybutaxy silane  254 

Diethoxydiallyloxyailane  254 
Diethoxydibutoxyailane  254 
Diethoxydiiaoanyloxysilane  254 
Diethoxydil aocy anat os liana  665 

Diethoxydiaathylallyloxysilane  254 
Diethoxydiphenoxyailana  254 
Diethaxydichlorosilane  303 

Diethoxypolydiethylailoxanea,  physical  properties 
Diethoxyphenylflnoroailane  334 
Diethoxyphoaphatotriethylailane  675 
praparation  677 

Diethoxyphosphatotriethoxysilane  675 
Dodecabroaopentasiloxane  127,  129,  131 
Dodecabutoxycyclohexasiloxane  254 
Dodecanethylpentaailoxane  692 
Dodecaoethyltatramthylanapantaallane  639,  692 
Dodecanethylcyclohaxasiloxane  692 
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Dodecamethoxypentasiloxane  254 
Dodecachloropentasilane  135 
Dodecachloropentaailoxane  129,  131 
Dodecadichlorosilane  475 
Dodecyloxytrichloroailane  301 
Dodecyltrifluoroailane  473 
Dodecyltrichloroailane  466 
preparation  394 
Dodecyltriethoxysilane  334 
Dodidecamethoxydecasiloxane  254 
Dodidecachlorodecasilane  135 

Substituted  eaters  of  orthoailleie  acid  319  ff. 
alcoholysis  and  reesterification  373  ff  • 
hydrolysis  334  ff. 

substitution  of  alkoxy  groups  319,  374 
methods  of  preparation  319 
physical  properties  334 

chemical  properties  334 

Isoanyltrinethoxysilane  291 
preparation  321 
Iaoanyltrichlorosilane  466 
Iaoaxnyltriethoxyailane  334 
Isobutylenetriethylsilane  180 
Isobutylailane  152 
Isobutyltrichlorosilane  398,  466 
Isobutyltriethylsilane  217 
Isobutyltriethoxysilane  334 
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rata  of  hydrolysis  365 
Isohaxyltrichlorosilane  466 
Isooctyltrichlorosilane  466 
Isopropylaminoenathyltrimethylsilane  659 
Isopropyldifluorochlorosilana  454,  473 
Isopropyltriacetoxysilana  334 
Isopropyltriisocyanatosilane  665 
Isopropyltrifluorosilane  454,  473 
Isopropyltrichlorosilana,  fluorination  454 
Isopropyltriethoxysilane  334 
Isopropylfluorodlchlorosilane  454,  473 
Iaopropoay-tert-butaxyastf  nosilane  64 2 

Isopropoxy-tart-butoxydiaminosilana  642 
Isopropoxytri-tert-butoxyailane  254 
Isocyanatosilanea  665  ff. 
preparation  665 

Iodcaathyltrlaethylsilane  193,  198 
3-Iodopropyltrijsathylailane  188 
Iodosilane  122 
Ieidosilane  620 
Indanyl- ( trieethylailane )  183 

Indenyldi- ( trieettaylailane )  183 

Indenyldi- ( trlethylsilans )  183 

Indenyltriasthylsilane  182 
Indany  ltriethy  Is  liana  182 

Infrared  spectra,  of  tetra-substituted  silanes  171,  206 
cyclic  polyslloxanes  575  ff* 

Silicon  cerbonltrlde  617 
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Carboxysnthyldimethylphenylsilane  215 
Cerboagraethylpentamethyldisiloxana  215*  695 
(Carbcaqraethylthiopropyl)-pentanethyldisiloxane  675 
(CarbcayBethylthiopropyl)-trinethylsilane  675 
(Carbcxynethylthioethyl)-triiiethylsilAne  671,  675 
Carbaxyxnthyltrinethy  la  liana  214,  215 
P-[Carboxy(»ath3rl)]-ethyltriaathy  la  liana  210 
Carboxyethyltrlasthylsilane  214,  215 
Carborundum  717  ff* 

Carracryloxytrlchlorosilane  304 
Quarts  704 

propartlaa  707 

Contact  iums,  praparatlon  412  tt. 

Silicic  anhydrides  100  tt, 

SiUcobansoic  anhydride  100 
Slllelo  add  709  tt. 

Silica,  see  Silicon  dioxide 
Silicobutyric  anhydride  100,  296 
Slllcofomlc  anhydride  100,  102 
praparatlon  238 
Phosphosillclc  oxychloride  291 
Potasaiw  ailicofluoride  8,  171 
Silicon  412 

influence  on  behavior  of  groups  and  atons  34 

dioxide  see  Silicon  Dioxide 

action  of  alcohols  248 

contact  nesses  412  ff. 

preparation  8 
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reactions  147,  412  ff* 
properties  7  ff. 
bond  with  oxygen  26  ff • 

bond  with  carbon  11  ff. 

content  in  Earth's  crust  7 
compounds  with  hydrogen  59  ff* 

compounds  with  halogens  72,  127 

Tetrabromide  see  Tetrabromosilicon 
tetraiodide  see  Tetraiodoeilicon 
tetrafluoride  see  Tetrafluorosilicon 
tetrachloride  see  Tetrachlorosilicon 
bond  energy  10,  11 
Silicolactic  acid  102 

Organosilicon  liquids,  preparation  by  hydrolysis  358,  745 
Orgsnosilicon  resins  764  ff* 
and  organic  resins)  786  ff. 
polymers,  physical  properties  738 
Organosilicon  compounds, 

atomic  and  group  indexes  of  boiling  point  464 
high-molecular  TOO  ff,  720  ff. 
low-molecular  684 

containing  lead,  tin,  arsenic  or  mercury,  physical  properties 
with  alternating  silicon  and  carbon  atoms  684 
physical  properties  692 
Silicorlcinoleic  acid  102 
Silicosalicylic  acid  102 
Silicon  hydroxide  709 
Christobalite  704 
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Xylyltriethoxysilane 


322 


Iauryltrimethylailane  168 
Leucone  61,  124 
Lithium  as  catalyst,  631 
method  of  grinding  404 
Organolithium  compounds  145,  164,  289 
substitution  of  alkoxy  groups  322 
reaction  at  silicon-hydrogen  bond  406 

preparation  of  alkylchlorosil&nas  and  arylchlorosilanes  404 
reaction  with  silicon  tetrachloride  109 

Organcmagnesium  compounds  143,  28? 
analysis  390 

substitution  of  alkoxy  groups  322  ff. 

preparation  of  alkylfluorosilanes  or  arylfluorosilanes  448 
alkylchlorosilanes  or  arylchlorosilanes  384 
reaction  with  SiCl^  105 
Copper-silicon  mass  418 
Copper  powder  (oxidised)  as  catalyst  420 
Copper  557 

Copper  as  a  catalyst  412 
Cuprous  chloride  as  a  catalyst  44 8 

Copper  oxide  as  a  catalyst  418 
Cuprous  chloride  412 
Menthoxytrichlorosilane  304 
Metasilicic  acid  711 
Met^Uyloxytriisobutoxyailane  254 
Methallyloxytrichlorosilane  303 
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Organ ometalllc  compounds,  reactions  with  SiCl^  106 
Methylallyldichlorosilane  469 
Methylaminodisilane  629,  635 
Methylainj  notnethyltriaethylsilane  660 

Methylbenzyldi-(P-methoayethoxy)-silane  334 
Methylbenzyldiethoxyailane  362 
Methylbromosilanes,  preparation  by  direct  synthesis 
Methylbutyldichlorosilane  469 
(l-Methylbutyl)-methyldichlorosilane  469 
Methylrinyldichlorosilane  469 
Methylhexyldichlorosilane  469 
2-Methylhexyltrlfluorosilane  473 
Methylhydroxyphenyltriethylsilane  206 
Hethyldiac  etoxyail&ne  334 
Hethyldibensylsilanol  600 
Methyldiisopropyliodosilane  472 
Methyldiisopropylfluorosilane  474 
Methyldiisopropylethoxysilane,  preparation  327 
Methyldipropyliodosilane  462,  472 
Methyldipropylfluorosilane  452,  474 
Methyldiphenylsilanol  600 
Methyldiphenylchloroailane  471 
Methyldifluorosilane  453,  475 
Methyldifluorochlorosilane  474 
Methyldichlorosilane  462 

Methyl- (dichloromethyl)-dichlorosilane  508,  516 
hydrolysis  559 

Methyl- (chlorotaethyl)-chlorosilane  17,  517 
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Methyldichlorosilane  1 2*,  148,  416,  422,  475,  494 


fluorination  453 

Methyldi- ( 3 - chloroethoxy )- silane  334 

Methyldiethyliodosilane  661,  472 
Methylenedi- ( pentamethyldisiloxane )  692 

Methyloc  tade  cyldi c hlor o a liana  470 

Methyloctyldichlorosilane  470 
2-Methyl-4-pentenyldimethylphenylsilane 
2-Methyl-4-pentenyltributylsilane  182 
2-Methyl-4-pentanyltrlfflethylailane  180 
2-Methyl-4-pentenyltripropylailane  182 
2-Methyl-4-p«ntenyltriethylsilane  182 
2-Methyl-3-pentenyltriethylailane  182 
Methyl- (propyl )-phanylchlorosilane  471 

Methgrlailane  147,  151 
Methyltrlacetcayeilane  334 
Methyltrlbroaosllane  472 
Methyltri-B-broooethoxysilane  332,  334 
Methyltributoxysilane  329 
Methyltriisobutoxysilane  334 
Methyltrlieocyanatosilane  665 
preparation  663 
Methyltriiodosilane  472 
Methyltriaethoxy silane  334 

Methyltri-p-aethoxyethoxysilane  334 
Methyltri- ( phenylamino )- silane  635 
Methyltriphenyleilane  177 
Methyltrifljuoroailane  473 
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Methyl- (trichloromethyl)-dichlorosilane  508,  516 
Methyltrichlorosilane  112,  41 6,  424,  467,  476,  494 
hydrolysis  in  water-butanol  medium  531 
preparation  294 
fluorination  452 

Methyltri-g-chloroethoxyailane  334 
Methyltriethylsilane  155,  168,  176,  459 
Methyltriethoxysilane  321,  334,  362 
hydrolysis  370,  373 

Methylphenyldi- ( 3  -methoxy  ethoxy )- silane  334 

Methylphenyldifluorosilane  473 
Methylphenyldiehlorosilane  470,  473 
hydrolysis  577 

Methylphenyldiethoxysilane  289,  334 
Methylfluorodichlorosilane  474 
Methylfluorochlorosilane  454,  475 
Methylchlorodiiodosilane  462 
Methylchlorooethyldichlorosilane  516,  577 
Methylchlorosilane  475 
Methylchloroeilanes 
preparation  414  tt . 
separation  423 

Methyl- (a -chloroethyl )- die hlorosilane  517 

Methy 1- ( P-c hloroethy l)- die hlorosi lane  517 

Methylcyclohexyldichloroeilane  470 
Methylethyldibromosilane  472 
Methylethyldichlorosilane  470 
Methylethyldiethoxysilane  334 
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Methylethylpropylbenzylsilane  177,  134 
Methylethylpropylsilanol  600 
Methylethylpropylphenylailane  177,  134 
Methylethylphenylsilanol  600 

Methylchlorosil&nes  and  ethylchlorosil&nea ,  physical  properties 
l-Methoxy-4-brooophenyltrichlorosilane  578 
Methoxy-tert-butoxydiaoinosilane  643 
Methoxy-tert-butoxyaminosilane  643 
Methoxymethyltrimethylailane  214 
preparation  206 
Me  thoxytrially loxys ilane  254 

Methoxytriiaocyanatoailane  661 
MethcaytriMthallylnxyallane  24 2,  254 

i 

Methaxytrichloroailane  303 
Methoxytrlethoxysilane  254 
F^Methoxyphenyltrichlorosilane  467 
Methaxy-(phanaxy)-dichlorosilaae  306 
Methoxy- (ethoxy  )-(butoxy)-chlorosllane  306 
Methoxy-  ( ethoxy )-dichlorosilane  306 

Methoxy^  (ethoxy  )-phenoxy-  (menthoxy)-ailane  254 
Konoaminosilane  613 
Monosllane  59,  63,  64 
Sodium  flnosilicate  155,  157 

o-Naphthylbenayldipropylailane  184 
a-Naphthylbensyltolylpropylailane  164 
a-Naphthyldioctylailane  168 
a -Naphthyldi-p- tolylbutylsilane  170 

a-Naphthylditolylbutylsilane  134 


651 
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a-Naphthylditolylisoamylsilane  170 
<*-Naphthylditolylethylsilane  184 
a-Naphthyldi-p-tolylethylailane  170 
a-Naphthyldichloroailane  475 
a-Naphthyl-p-tolyldipropylailane  184 
a -Naphthyl- tribenzylailane  184 

a-Naphthyl-tributylsilane  184 
Naphthyltributylailane  164 
Naphthyltrihexylailane  164 
a-Naphthyltrimethylailane  170,  184 
a-Naphthyltrioctylsilane  168 
a-Naphthyltripropyla ilane  184 
a -Naphthyltritolylailane  184 
a-Naphthyltriphenylailane  170,  184 
a-Naphthyltrichloroailane  469 
a-Naphthyltricyclohexylailane  184 
a-Naphthyltriethylsi lane  164 
a-Naphthyltriethoxyailane  164 »  322,  334 

P-Naphthyltriethoxyailane  322,  334 

0-Naphthy lpheny  Iben  ayl-  p- 1  oly  la  i  lane  18 

P-Naphthylphenyldibutylailane  184 
Silicon  nitridea  614  ff  • 
preparation  34 
Nitrylailane  651 

p-nitrobenzenzoylaminomethyltrimethylailane  661 
Nitration  of  tetraarylailanea  163 
p-Nitrophenyltriethylailane  215 
Nomenclature  36  ff. 
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Nonamethylpentasiloxane  694 

N  oname t hy 1-2 ,3,4- tri ( c hlorome  t hyl )  pen  ta  si  loocane  695 

Oxidation  of  haloailanea,  photochemical  127 
£-Oxypropyltrimethylsilane  26 
Oxysilane  124 
Octabromo trisilane  135 
Octabrounotriailoxane  127,  129,  130 
Octabromotricyclotetraailoxane  127,  129,  130 
Octabutoxycyclotetrasiloxane  254 
Octadecamsthylcyclononasiloxane  694 
Octadecamethoxyoctasiloxane  254 
Octadecylaminomethyltrimethylailane  661 
Octadecyldichlorosilane  402,  475 
Octadecyltrichlorosilane  394,  440,  470 
Octaisopropylcyclotetrasiloxane  270 
Octaisocyanatotrlsiloxane  664 
Oc tame thylaminotri si  lane,  preparation  640 

Octanethyldiaminotriailane  635 
Octane  thy lriimethylenetriailane  689,  692 

Octamethyl-2 , 3-di  ( chloromethyl )- tet  rasiloxane  695 

0ctaoethyl-l,4-dichlorotetrasiloxane  695 
Octamethyldicyclopentasiloxane  736 
Octamethyldiethoxytetraailoxane  357 
Octanethyltetrasiloxane  695 
Octamethyltriailoxane  695 

OctamethylcyclodiC  ( me  thy leneaminome  thylene ) -di  a  i  loxane  ]  659 

Octametliylcyclotetra-  (aminosilane )  641 

preparation  635 
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Octamethylcyclotetrasiloxane  695#  723 
Octaaethosytrisiloxane  254 
Octa-p-tolyltetraailane  220 
Octatolylcyclotetrasiloxane  219 
Octa-p-tclyleyclotetraailoxane  220 
Octaphenyldiiodotetraailane  484 
Octaphenyltetraailane  220,  484 
oxide  484 

Octaphenylcyclotetraailane  219,  220 
Octaphanylcyclotetraailoxane  571,  607 
Octachlorotrlallane  135 
Octachlorotrislloxane  77#  129#  131 
Octachlorotrlcyclotetraalloxane  129#  131 
Octaethyldiethoxytetraailcjxane  350 
Octaethylcyclotetra- (aainosilane )  641 

Oc taethylcyc lotetraa iloxana ,  preparation  575 

Octaethaxytriailaxane  254 
Octaethaxycyclotetraailoxane  254 
Octyloxytrichloroailana  301,  303#  311 
Octyltrichloroailane  126,  464 
preparation  436 

Organic  and  organoeillcon  resins  786 
Organohalosilanea,  preparation  of  substituted  esters 
Organosilanols,  cocondensation  789 
Organosilanediols  604  ff. 

Organomonohydroxysilanea  593 
physical  properties  598 

chemical  properties  600 


329 
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high-molecular  374,  720  ff. 
low-molecular  26,  44,  691  ff. 

Organoailoxanes  with  functional  groups  in  radicals  695  ff. 
Organothiosilanes,  physical  properties  6 72 

Organosilanetriols  609 
Orthosilicic  acid,  preparation  87 

Pentaamylheptaethoxypentasiloxane  369 
Pentabromodisilane  135 
Pentahexylheptaethoxypentasiloxane  369 
Pentamethyldisiloxanomethylenetrimethylsilane  692 
Pentamethylchlorooethyldisiloxane  209,  527,  691 
preparation  537 

Pentamethylcyclopentasiloxane  695 
Pentaeilane  59,  64 
Pen tapheny  1- p- tolyldi silane  219 

Pentafluorochlorodisiloxane  131 
Pentachlorohydraxydisiloxane  61 

1,2,3,4, 5-Penta(chloromethyl)heptaBethylpentasiloxane  695 
Pentachlorcasthylenedisilane  432,  684,  692 
Pentachlorophenyltrichloroailane  516 
Pentaethylheptaethoxypentasiloxane  368 
Pen  tae  thy lpheny  Icy c  lo  tri silaxane  581 

Pentaethy lchlorodi siloxane  402 
1- Pen tenyl-l-trichloro silane,  preparation  442 

Reesterification  246,  373 

Polyalkylaainosilanes ,  cyclic,  physical  properties  641 
Polyalky larylslloxane  resins  781 
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Poly  alky lmethylenehalosilanes ,  preparation  689 

Polyalkylethylene silanes,  preparation  691 
Polyalkoxysiloxanes,  hydrolysis  279 
Poly  any  lsiloxane,  preparation  374 

Polyarylsilnxane  resins  777 
Polyvinylsiloxanes,  degradation  805,  809 
Polyhalosilanes  132 
Polydimethylmethylenesilanea  740 
Polydimethylsilanes,  preparation  486 
Polydimethylsiloxane  liquids  799 
Polydimethylsiloxane  elastomers  791  ff. 
Polydinethylsiloxanes  740,  743 

effect  of  metals  on  oxidation  553 
degradation  800 

molecular  weight  of  fractions  726 
dielectric  constant  747 
behavior  on  heating  555 
specific  gravity  749 
physical  properties  365 
cyclic  552 

Polydiorganosiloxanes,  degradation  800 
Polyditolylsiloxane  resin  781 
Polydichlorophenylsiloxanes,  degradation  745 
Polydiethylsiloxanes  565 
Polyisopropylsiloxanes,  hydrolysis  281 
Polysilicic  acid  248 

Polymeric  substituted  esters,  formation  376 
Polymeric  inorganic  compounds  of  silicon  703 
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Polymeric  compounds  700  ff. 

Polymers,  liquid  360  ff,  747  ff. 

relation  between  properties  and  structure  739 
relation  between  number  of  silicon  atoms  and  quantity  of  water 
linear  structure  345 
branched  structure  348 

of  different  structure,  physical  properties  740 
resins  764,  776,  786 
cyclic  551 

formula  for  heat  of  vaporisation  752 
electrical  properties  740 
Polydimethylsilaxane  liquids  747  ff* 
preparation  364 

Polymathylsiloxanes,  degradation  802,  811 

calculation  of  composition  of  mixture  by  Flory  method  754 
properties  751 
pliyaical  properties  745  ff. 
vapor  pressure  752 
chlorinated,  preparation  527 
Polymethylphenylsiloxane  resin,  dielectric  properties  783 
Polymethylphenylsiloxanes,  preparation  781 
Polymonoorganosiloxanes,  degradation  802 
Polyorganometallosiloxanes  703 ,  744 
Polyorganosiloxane  resins  with  higher  radicals  776 
Polyorganosiloxanes  490 
hydrolysis  722 
degradation  799  ff. 
fluorination  450 


368  ff. 
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Polysilanes,  halo-derivatives  of  132 
Polytrichlorophenylsiloxanes,  degradation  806 
Polyphenylmethylsiloxane  liquids  799 
Polyphenylmethylsiloxanes,  behavior  on  heating  743 
Polypheny lsiloxane  waxes,  dielectric  properties  779 
Polypheny lsiloxane  resins,  dielectric  properties  779 
Polypheny lsiloxanes,  degradation  806 

Polyphenoxyphenylsilcocane  resin  781 
Polyfluoropheny lsiloxanes,  degradation  807 

Polychloromethylsiloxanes,  chemical  properties  527 
Polychloropheny lsiloxane  resins,  preparation  779 
Polychlorophenylsiloxanes,  degradation  806 
Polyethyldisiloxane  resins  775 
Polyethy lsiloxanes,  degradation  804 

Polyethylphenylsiloxane  resins  783 
Polyethy lethoxysilanes,  physical  properties  368 
Polyethoxysiloxanes,  hydrolysis  281  ff. 

Precision  casting  818 
o-propylbenzyltriethylsilanol  206 
p-propylbenzyltriethylsilanol  206 
Propyldi- ( phenyl )-chlorosilane  471 

Propyldifluorochlorosilane  472 
Propyldichlorofluorosilane  454 
Propylsilane  148 
Propyltribromo silane  470 

Propyltriisocyantosilane  661 
Propyltriiodosilane  462,  470 
Propyltrimethylsilane  462 
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Propyltrifluorosilane  454,  471 

Propyltrichlorosilane  434,  469 

fluorination  454 
chlorination  5H 
Propyltriethylsilane  164 
Propyltriethoxysilane  334 
rate  of  hydrolysis  366 
Propylphenyldichlorosilane  468 
Propylfluorodichlorosilane  472 
Propylchlorodifluorosilane  454 
Prosilane  polymeric  64 
Prosiloxane  63 
Direct  synthesis  384  ff. 

alkyl-  or  arylhalosilanea  414  ff. 
alkyl-  or  arylchlorosilanes  412 
role  of  catalysts  412,  418,  43 2 

Reagents,  nucleophilic  18,  20 
Reactor,  band  type  417 
Reactions 

of  alkylation  and  arylation 
by  acid  anhydrides  296 
of  orthosilicic  ester  halides  310 
by  organometallic  compounds  310,  319,  384  ff 
of  trichlorosilanes  124,  402,  436  ff. 
of  fluorosilanes  448 

of  chlorosilanes  105,  384  ff. 

of  esters  of  orthosilicic  acid  287,  322 
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of  alcoholysis  2 42,  373#  474 

of  ammono lysis  474 

of  acylation  101,  296,  479 
halogenation 

bromination  633 
iodination  459 

fluorination  304  ff,  374,  450,  452  ff. 
chlorination  163,  192,  291,  502,  527,  779 
of  hydrolysis 

of  alky lalkoxy silanes,  methods  350,  356,  360,  365,  373,  374 

of  alkyl-  or  arylhalosilanes,  methods  547,  557,  560,  567,  686 

of  alkoxyaminosilanes  646 

of  halosilanes  77  ff* 

of  halo-esters  of  orthosilicic  acid  360 

of  bifunctional  compounds  539  ff* 

of  bifunctional  compounds  and  mixtures  352  ff. 

mechanism  254  ff,  539  ff,  726  ff. 

of  monofunctional  compounds  534 

of  systems  with  functiona?ity  higher  than  two  364  ff* 
of  systems  with  functionality  less  than  two  343  ff* 
of  esters  of  orthosilicic  acid  254  ff,  711  ff* 
disprop  rtionation  492  ff* 
halogen  exchange  398 

splitting  of  alkyl  and  alkoxy  groups  374  ff* 
reesterification  246,  373 
polymerization  298 

esterification  129,  230  ff,  477,  500,  641  ff. 

Bond,  silicon-nitrogen  32 
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silicon- hydrogen  34,  467 


relation  between  properties  of  alkoxysilanes  and  alkoxydisilanes 
silicon-halogen  30,  467 
silicon-oxygen  26  ff,  744 
silicon-silicon  28  ff. 
silicon-carbon  11  ff,  467,  517,  521 
silicon-fluorine  304  ff. 

Silanesulfonic  acid  186 
Silanes 

bi- substituted  148 

as  reducing  agents  64 
unsaturated  68  ff. 
mono-substituted  147 
oxidation  64 
organo- substituted  143 

preparation  59 
saturated  59 
tri- substituted  148 

physical  properties  63 

chemical  properties  64 

tetrasubstituted,  see  Tetra- substituted  silanes 
higher  organo-substituted  217 
methods  of  preparation  219 
physical  properties  219 

chemical  properties  220 

Silene  63 

Sodium  silicate,  preparation  537 
Silicoacetylene  70 


298 
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Silicone  61 


Siliconitride  655 
Silicooxalic  acid  63 
Silicooxymonohydrate  61 
Silicoethylene  70 
Silines  70 
Silicide, 

calcium  59,  132,  651 
magnesium,  reaction  with  alcohols  250 
Silicon  nitride  614 
Resins, 

polyorganosiloxane  764 
and  organic  786 
containing  higher  radicals  776 

Silicon  compounds  containing  phosphorus,  selenium,  lead  and  other  elements 

Impregnation  compounds  817 

Alloy, 

silicon-iron-copper  446 
iron- copper,  for  direct  synthesis  416 
Water-glass  715 
Styryltriphenylsilane  179 
Aminomethyltrimethylsilane  sulfate  659 

Aminomethyltrlmethylsilane  sulfite  659 

Sulfodichlorosilane  653 

Tet raalkylsilane s , 
bromination  163 
chlorination  163 


675 
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Tetraalkoxysilanes,  see  Esters  of  orthosilicic  acid 

Tatraallyloxydiethoxydisiloxane  254 

Tetraallyloxysilane  '.lUt  254 

Tetraallyloxychlorosilane  299 

Tetraallylsilane  180 

Tetraamylhexaethoxytetraailoxane  369 

Tetraanyloxysilane  254 

Tetraamylailane  110,  16 1 

Tetraamylthioailane  672 

Tetraaminosilane ,  preparation  618 

Tetra- (m-andnophenyl)- silane  215 

Tetraarylsilanes,  nitration  163 

Tetraacetylthiosilane  672 

Tetraacetoxysilane  100 

Tetrabensyloxysilane  254 

Tetrabenzylsilane  110,  116,  157,  161,  171 

Tetra- ( cis-9-benzeneoctadecene-l-oxy)-silane  254 

Tetrabiphenylsilane  110,  l6l 

Tetra- l-bomyloxyailane  254 

Tetra- ( p-bromophenylthio )- silane  672 

Tatra- p-bromophanoxy  silane  254 

Tetrabutylhexaathoxytetraailoxane  369 

Tetrabutylsilane  109,  157,  161,  289 

Tetrabutylthiosilane  672 

Tetra- ( sec- butylthio)-silane  672 

Tetra- (tert-butylthio)-silane  672 

Tetra-p-tert-butylphenylthiosilane  672 

Tetrabutoxyailane  24 2,  253 
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Tetravinyloxysilane  246 
Tetrahalosilanes  72 

mixed,  preparation  117 
Tetraguaiacyloxyailane  254 
Tetrahexyloxy silane  253*  273 ,  281,  301 

Tetraheptyloxyailane  253 
Tetradecabromohexaailoxane  130 
Tetradecanethylcycloheptaailoxane  694 
Tetradecaoethoxyhexaailoxane  254 
Tetradecachlorohexaailane  135 
Tetradecachlorohexeailoxane  129,  130 
Tetradecaethoxyhexaailoxane  254 
Tetradecyldiehlorosilane  475 
Tetradecyltriohloroeilane  394,  466 
Tetra-P,P-dichloroiaopropoxysilane  253 
Tetra-  (dichlorophenoxy  )-silane  251 

Tetraiaoamyloxyailane  253 
Tetraisoanylailane  110,  161 
Tetraiaoamylphenoxyailane  254 
Tetraiaobutyleneailane  180 
Tetra- (isobutylthio)-silane  672 
Tetraisobutylphenoxyeilane  254 
Tetraiaobutoxyailane  242  ,  253 

Tetralsopropyleilane  329 
Tetra- ( Isopropyl- thio)-ailane  672 

Tetraiaopropoxyailane  253 
Tetraisocyanatoailane  665 
Tetracarvacroloxyailane  254 
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Tetra-m-creaoaQrailane  254 
Tetra-p-cresoxysilane  254 
Tetracrotyloxysilane  242 
Tetra-m-xylsneoxysilane  254 
Tetra-o-xyleneoxysilane  254 
Tetramenthoxy  silane  254 

Tetramethallyloxyailane  24 2  ,  2 53,, 791 

Tetramethy 1-1, 2-bis- ( dichlorunethyl )-diailoxane  527 

2 , 3-Tetraoethylbuty ltri c hloros ilane  468 

Tetramethy 1-1, 2-di-(acetoxymethyl)-disiloxane  210 

Tetramethy 1-1,2-  (  dihydroxymethyl  )-diailoxane  202 

Tetramethyldihydroxymethylenediailane  692 
Tetramethy  1-1,2-dichlorodiailoxane  694 

Tetramethy ldiethylaminodiailane  635 

Tetramethy 1-1, 2-diethyldiailoxane  694 

1. 2- Tetramethyl-l,  2-diethoxy-  (methyleneandnaoethylene  )-diailane  662 

1.2-  Tetramethy  lmethylenecyclodiailoxan#  692 

Tetramethy la ilane  13,  161 

1,2,3,4-Tetramethyltetraphenylcyclotetraailoxane,  preparation  575 

Tetramethylthioailane  672 

Tetramethy lfluoro  c  hlo  roots  thy lenedi a i lane  692 

Tetramethy lcyclo-  ( iaopropylaminodiaethylenediailoxane )  661 

Tetramethy lcyclotetraailoxane  694 

Tetramethoxyailane  95,  235,  254*  322 

Tetra-8-methoxyethoxyailane  244 

Tetrane  30,  484 

Tetra- (a-naphthylamino )- silane  635 
Tetra- (P-naphthylanino )-ailane  625*  635 
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Tetra-a-naphthyloxysilane  254 
Tetra-P-naphthylojqrailane  254 
Tetra-a-naphthylsilane  169 
Tatra- P -napht hy la ilane  169 

Tatra- (»-nitrophenyl)- silane  215 
Tetraoctyloxysilane  253 
Tetrapyrrolsilane  635,  657 

Tetrapropylsilane  150,  161 

Tatra- (propylthio )- a liana  672 

Tetrapropoay  s  ilana  242  ,  253 
Tatraallane  59,  63,  64 
Tetraa t eary laxys i lane  244 

Tetrathyaoloxysilane  254 
Tetrathioisocyanatoailane  674 
Tatra- ( thiophene )-ailana  671,  672 

Tetrathiocyanatoailane  665 
Tatra- (o-  tolylaainoj-ailane  625,  635 
Tatra- (p-tolylamino)- silane  635 

Tatra- p-tolyloayailana  290 

Tetra-»-tolylsilane  161 
Tatra- p-tolylsilane  110,  161 

Tatra- ( p- tolylthio )-ailane  672 

Tatra- ( trialky lsiloxy)-silanes,  physical  props rtiaa 
Tatra- (triaethyloxy)-silane  248 
preparation  488 

Tatra- (phenylaaino)- silane  625,  633,  635,  657 

Tetraphenyldihydroxydisiloxane  607 
Tatra-  (phenyldiaethy la  iloxy)-silane  348 


348 
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1.1.1. 2- Tetraphenyl-2 , 2-di-p- tolyldisilane  219 

1. 1. 2. 2- Tetraphervy  1-1, 2-di-p- tolyldisilane  219 
Tetraphenyldichlorodiailoxane  607 
Tetraphenylaelenosilane  677 

Tetraphenylsilane  13,  108,  109,  161,  166,  290,  459, 
Tetraphenylthiosilane  672 
Tetrapheno^-silane  244,  253,  301 
hydrolysis  277 
preparation  239 
Tetra-P-phenaxyethoxysilane  244 
Tetrafluorodichlorodisilaxane  130 
Tetrafurfuryloxyeilane ,  preparation  789 
l,2,3,4-Tetra-(chloronethyl)-he*a«ethyltetrasilo*ane  695 
Tetrachloroailane,  see  Silicon  Tetrachloride 
Tetrachlorophenyltrichlorosilane  516 
Tetrachloroethyltrichlorosilane  <  515,  516 
Tetra-a-chloroethoacysilane  253 
Tetra-g-chlnroetho*yailane  34,  253,  426 
Tetracyanatoailane  665 
Tetracycloheoylozysilane  242,  254 
Tetra-  (  cyclohexylthio  )-silane  672 

Tetra- (etl^lnalno)- silane  633,  635 

Tetraethylhesaethoxytetrasiloxane  372 
Tetraethyldlnethylaninodisilane  638 
Tetra- ( ethyldiaethylsilojqr  )-ailane  348 

Tetraethyl-l,2-diphenyldisiloxane  694 
Tetraethyl-l,2-diphenylcyclotrisiloxane  581 
Tetraethyliodosilane,  iodination  459 
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Tetraethylsilane  108,  153,  161,  490 

1,2 , 3,4-Tetraethyltatraphanylcyclo-tetrasilQxane ,  preparation 
Tetraethylthiosilane  6  72 

Tetraethylphenylaminosilane  635 
Tetraethoxydibensylcxydisiloxane  254 
Tetraetho^di  siloxane  254 
Tetrae thoxy s i lane  170,  242,  253  ,  490 

hydrolysis  254  ff,  357 
solubility  diagram  283 
as  catalyst  287,  322,  390 
preparation  230 
preparation  of  aqueous  sol  283 
reactions  287  ff# 

Tetra-P-ethoxyethoxysilane  244 
Thymoloxytrichlorosilane  304,  311 
Thioisocyanatotri- ( isocyanato )- silana  674 

Thioisocyanatotrimethylsilane  674 
Thioisocyanatotrlmethoxysllane  674 
Thioisocyanatotriphenylsilane  674 
T?'loisocyanatotrichlorosllane  674 
Thioisocyanatotriethylsilane  674 
Thioisocyanatotriathoxysilane  674 
Silicon  isothiocyanates  671,  672 
physical  properties  672 

chemical  properties  674 

Thio-esters  of  orthosilicic  acid  668 

and  of  chlorosilanes,  physical  properties  672 
p-Tolyldichlorosilana  475 


578 
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(Tolylthiopropyl)-triaethylsilane  672 
p-Tolyltriehlorosilane  466 
p-Tolyltriethoxysilane  209,  334 

Trlalky  1  aminos ilane a ,  reaction  with  hydrochloric  add  623 

Trialkyl- (aryl)-chloroeilanes,  physical  properties  470 

Trialkylchlorosilanes,  preparation  of  pure  products  446 

Triallylbrcnosilane  471 

TriaUylbutylsilane  101 

Triallylaethylsilane  100 

Trially 1- a-naphthylsilane  101 

Trially Ixucybutoxysilane  253 

Triallyloay^tert-butoxysilane  254 

Triallylaxyisobutaxy  silane  254 

Triallyloxy-a-naphthylozysilane  254 

Trially  locypropoxyailane  254 

Trially loxysilane  254 

Trially  looey fliioro  silane  306 

Tri-(ally looey  )-chlorosilane  299,  303 

Trially loxycetyloagrsilane  254 

Trially  lpropylsilane  100 

Trially  la ilane  152 

Trially lpheny Is  ilane  101 

Trially lcycloheoeylailane  101 

Trially  lethylailane  100 

Trianyloxysilane  254 

Trianylfluorosilane  450,  456,  475 

Triacetylenechlorosilane  396 

Tribensylsilanol  590 
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Tribenaylsilane  150,  152 
Tribensylflaoroeilane  116,  450,  476 

Tribenaylchloroailane  151,  469 

Tri-Z  -bornylojqrchloroailana  304 
Tribrcmoidosilane  119 
Tribronoailane  122 
preparation  121 

Tri-p-brcoophencocy  c  hloro  a  liana  301,  304 

Trlbutylailanol  598 

Tri- ( tert-butylthio )- ailanol  672 

Tri- (tert-butylthio)- iaopropylthioailane  672 

Tri-(tert~butylthio)-methylthioailane  672 

Tri- ( tert-butylthio )-chlorosilane  672 

Tri- ( tert-butylthio )-ethylthioailane  672 

Tributylflnoroeilane  475 

Trl-tert-butozyandnoailane  655 

Tributoxysilane  228,  254 

Tri-aec-butoxyailane  254 

Tributary fluoroailane  306 

Tributoxychloroailane  302 

Trihalosilanes,  methods  of  preparation  119 

Trihexyloxychloroeilane  301,  302 

Trihexylpentaathoxytrisiloxane  369 

Trihexoxyailane  254 

Triheptoxyailane  254 

Trldecyltrichloroailane  467 

Tri- ( dlacetylmethyl )-chlorosilane  470 

Tri-  ( p-dimathylaminophenyl )- ailanol  658 
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Tri-(p“dln»thylaadnoph«iyl)-chloro8il*ne  658 
Tridynite  704 

Tri-CPjP’-dichloroiaopropoxyJ-chlorosilan*  302 
Tridodecy  l<M$rchloro  s  ilana  301 
Trii8oaaylbrc»08ilan«  472 
TriisoaayLBilanol  598 
Trllsoan^lsodluffloxysilana  601 
Trllsoaocrloxysllane  254 
TrliBoanyloxychlorosUAne  299,  312 
Trllsoaiqjrlsllane  152 
TrliaobutylbrcinoalUna  472 
Triiaobutylenanathyla liana  181 

Triiaobutylailane  152 
Triiaobutoxychloroailane  299 
Triiaopropylailanol  598 
Triiaopropylailana  404 
Triiaopropylfluoroailane  475 
Triisopropylehlorosllans  108 
Triiaopropylethaxyailana  329,  334 
Triiaopropoxyail&na  254 
Triiminodiailane  655 
Triiodoailane  122 
Trimethoxychloroailana  304 
Trlmeth&llyloxylaobutoxy-ailane  254 
Trimethallyloxychloroailane  302 
Trinathylamylailane  176,  179 
Trimethyl&cetoxymethylailane  198,  200 
Trimethylacato^silane  604 
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Trinethylbansylsilane  176,  186 
TrimsthylbroBwanyleilane  195 
TrlJMthyl-sec-brciittbutylsilane  194 
Trlaethylbromopluabite  196 
Triaathylbroinopropylallan*  195 
Trlaethylbronosilane  188,  471,  596 
preparation  536 

TrisMthyl-p-brooophonylailana  195 
Triasthylbutylenes  llano  176 
Trinethylbutylailane  176,  179 
Trimothyl-tarb-butylailane  176 
Trlmathylbatoxyailane  330 
Trimathylhexylailana  176,  179 
Trimsthylheptylailane  176,  179 
Triaathylhydroayinothylailane  198,  200,  204 
Trifflothy  lhydroaypropylailan#  198 

Trlnethylhydroay  silane ,  preparation  596 

Trimathyldecylailane  176,  179 
Trinethyldichlorcmethylsilane  195 
Trimethyl- ( diethylaaino )- silane  621,  635 

Trimethyldodecylsilane  176 
Trimethylisoanylsilane  176 
Trimethylisobutylailane  176 
Trimethylisocyanatosilane  635 
Trimethylindenylsilane  173 
Trimethyliodcnethylsilane  195 
Trimethyliodosilane  459,  472 
Trine thy llaurylsilane  176,  179 
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Trimethyl-  (methyl ami no )-  silane ,  621,  635,  653 

preparation  628 

Trimethylmethylmagneaiumchlorosilane  21 2,  214 

Trimethylmethoxyailane  331,  334 
Trimethylmyristylailane  176,  179 
Trimethylo^aodiumailane  600,  602 
Trlmethyloctylailane  176,  179 
2,4,4-Triaethylpentyltrichloroailane  468 
TrimethylplimBoxyailane ,  preparation  678 
Trimethyllead- (phenylene )-triethylailane  678 

Trimethylpropylailane  176,  179,  398 

1. 1.2- Trlmethylpropyltrichloroailane  4 38 
Trieethylpropionic  acid  215 
Triawttaylailane  150,  152 

preparation  402 
Triaethylailaneaulfate  188 
Trlmthylaulfatoailane  537 
Trlaethyltetradecylailane  176 

1.2.3- Trlflethyltripbenylcyclotriailoxane,  preparation 

l-TrljMthyl-2-triethyldiailoxane  154,  694 
Trl*ethyl-  (phenylaadno )- silane  635 

Trimethylphenylailane  176 
Triaethylflooroailane,  27,  31,  452,  475,  595 

preparation  535 

Trlaothyl-p-flaorophenylailane  195 
Trlaethylchloroaaylailane  195 
Triaethylchloro—thylailane  195,  440 
Triaethylchloroailane  13,  155,  331,  418,  424,  468 
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aieotropic  nirture  with  tetrachlorosilane  424 
preparation  294*  536 
fluorination  454 
chlorination  508 
Trioethyl-p-chlorophenylailane  195 
Triaethyl-a-chloroethylsilane  195 
Triaathyl-p-chloroathoocysilana  342*  426 
Trims thy ley clotrlaal  no silane,  preparation  638 

Trimethyl- ( ethylaaino )- silane  635 

Trimethylethylsilane  176*  179 
Triaethylethozyailane  342*  346 
hydrolysis  373 
preparation  324 
TrijaethoayallylojQrsilane  253 
Trinethazyisocyanatosilane  665 
TrlasthoaQeMthaUylxngrsilsne  ,  253 
Trimathaxychlorosilane  203 
Trinethoayethoays ilane  253 
Tri- a-naphthylpropylsilane  170*  184 

Tri-a-naphthylailane  152*  170 
Tri-a-naphthylphenylailane  170*  184 
Tri-a-naphthy lathy lsilane  170 

Tri-a-naphthylethoxysilane  170 
Trioctylcagrchlorosilane  301,  302,  311 
Tri-(pyrrol)-silane  635 
Tripropylacstoxysilane  334,  603 
Tripr opy lbromo  s i lane  472 

Tripropylsilanol  598 
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Tripropyliodosilane  462,  472 
Tripropylailane  148,  152 
Tripropylfluoroailane  332,  450,  473 

Tripropylchloroailane  374,  469 

Tri-n-propyl-p-chloropheny 1-silane  195 

Tripropylethoxyailane  334,  374 
preparation  332 
Trlpropoxyailane  254 
Tripropoxychloroailane  203 
Tripropoxyc  etylailane  254 

Trisilana  59,  63,  64 
Trithyaoloxychloroailane  304 
Tri- ( thioiaocyanato )-b«n*yl- silane  674 

Tri- ( thioieocyanato )-butyl- ailane  674 

Tri- ( thioiaocyanato )-iaopropylailane  674 

Tri- ( thioiaocyanato )-»ethylailane  674 

Tri- ( thioiaocyanato  )-propylailana  674 

Tri- ( thioiaocyanato ) -phony lailane  674 

Tri-  (thioiaocyanato  )-ethylailane  674 
Tri-p-tolylailanol  598 

1,2, 2-tritoly  1-1, 1,2- tri phony ldiailane  220 

Tri-p-tolylchloroailano  471 
Tri- ( trimethyla ilyl )-borato  373 
Tri- ( phenyl  )-andnoailane  625,  635 

Triphony laadnoethylailano  625 

Triphony lacotoxyailane  334,  603 

Tri phony lbromoailane  472,  597 

Triphenylrinylailane  175 
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Triphenylailanol  404 ,  597,  598 

Triphenyl- p-dimethylaminophenylailane ,  preparation  658 

Triphenylieocyanatoeilane  665 
Triphenyleilane  150,  152 
Triphenyl-p-tolyleilane  164 
1, l,l-Triphenyl-2 ,2 ,2-tritolyl-diailane  220 

Triphenylfluorosilane  474,  476 
preparation  450 

Ti  iphenylchloroailane  166  ,  394,  470,  476 

preparation  404 

Triphenyl- ( ethylanino )- silane  63  5 

Tripheny  lathy  lsilane  15,  166 

Triphenoxy  silane  254 
Triphenoxychloroeilane  301,  304,  311 
Triflaorobraoiosilane  119 
Trifluoroailane  121 
Triflnorotrichlorodiailoxane  131 
Triflnoroehloroailane  119 
Trifunctional  moncewrs,  hydrolysis  369 
Trichlorobrooosilane  119 
Trichlorosilanol  79 
Trichloroisocyanatosilane  665 
Trichloroiodosilane  119 
Trichlorouercaptosilane  672 

1,2 ,3-Tri- ( chloromethyl )-pentan»thyltrisiloxane  695 

Trichloromethyltrichlorosilane  16,  516,  519 
Trichloromethyltriethoxyailane  334 
Tri-(chlor<»ethyl)-chlorosilane  443 
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alkylation  124*  402 
arylation  402 
preparation  121 
reactions  124*  436*  442 
Trichloro-(phenylthio)-silane  671,  672 
1,3 , 5-Trichlorophenyltrichlorosilane  516 

1,1,2-Trichloroethyltrichlorosilane,  pyrolysis  525 
Tri-P-chloroethoacysilane  254 
Tricyclohexylaceto^ysilane  406 
Tri eye loheocy lbrotaos  ilane  406 

Tricyclohexylsilanol  406 
Tricyclohexyliodoailane  406 
Tricyclohexyloxychlorosilane  310*  321 
Tricydohexylsilane,  preparation  406 
Tricyclohexylchlorosilane  172,  536 
preparation  408 
Triethylaigylsilane  177,  179 
Tri- ( ethyl )-aainosilane  44 8,  457*  464 

reaction  with  hydrogen  bromide  623 
with  hydrogen  fluoride  623 

with  hydrogen  chloride  623 

preparation  461*  623 
Triethylacetoxysilane  334*  603 
Triethylacetoxynethylailane  196 
Triethylbensylsil&ne  177 
Triethylbrooosilane  471 
preparation  457 
Triethylbromostannate  196 
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Triethyl-p-brcnophenyl»ilane  192,  195 
Triethylbuty lailane  150,  177,  179 

Trlethy  lviny  lailane  173 

Trlethy lhexy lailane  177,  179 

Triethylheptylailane  177,  179 
Triethylailanol  598 
preparation  595 

Triethylhydroxyethylailane  198 
Trlethy ldecyla ilan#  177,  179 

Triethyl-p-dichloroethylailane  195 
Trlethy liacaay lailane  177 

Trlethy lieobuty lailane  177 

Triethyllaocyanatoa llane  665 

Trlethy l±odce»ethylailane  195 

Trlethyllodoeilane  459,  471 
Triethyl-p-  iodophenylailane  192,  195 

Trlethy l-a~iodoethy lailane  195 

Trlethylmgneaiuabraeopheny  la  llane  197 

Trlethylaethy lailane  179 
Trlethylocty  la  llane  177,  179 
Trlethy  Ipentaethoxytriailoxane  368 

Trlethy lpropy la llane  177,  179 
Trlethy lailane  148,  152,  438,  462 

Trie  Lhylailanophenylaoedlphenylarslne  196 
Trlethy lailanophenyltriaethyl  pluabate  197 
Trlethy lallanophenyltriethylatannate  197 

Triethyltln- ( phenylene )- trlethy lailane  679 

Trlethy laulf  a toailane ,  preparation  597 
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Triethyltribenzylcyclotrisiloxane  694 
1,2 ,3-Triethyltriphenylcyclotrisiloxane,  preparation 
Triethyltrichlorodiailoxane  402 
Triethyl- (phanylamino)-silane  635 
Triethylphenyleilane  150,  157#  177#  184 

Triethylflnorosilane  450,  472  ,  475#  506 

iodination  462 
preparation  457 

Trlethylchloroeilane  155#  186#  428,  469#  597 
preparation  446,  448#  533 
chlorination  511 

Triethyl-p-chlorophenylailane  193#  195 
Triethyl- a-chloroethyleilane  163#  195 

Triethyl-P- ohloroethyleilane  163#  195 

Triethyl-p-ethylpbenyleilane  177 
Triethylethaxysilane  321#  334 
preparation  324 
Triethojqrallylca^eilane  253 
Trlethozyaaorloxyailane  253 
Triethazytntocxysilane  253 
Trlethoxyguaiacy looeys  ilane  254 

Triethooqriaocyanatoailane  665 
Triethcaqneethallylojgrsilane  253 
Triethoxyailane  237#  254 
Triethoayfluorosilane  304,  306 
Triethoxyftirfuryloayeilane  253 
Triethoxychlorosilane  299#  304#  308,  311 

Equation  of  kinetics  of  hydrolysis  process  260#  273 
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distribution  of  polymer  homologs  356 
average  polymer  chain  length  350 
functionality  of  system  343 

Equations  describing  reactions  of  alkylation  of  tetrahalosilanes 

Phenylaminomethyldi- (methyl )-ethoxy silane  662 

Phenylaminomethyl- (methyl)-diisoamyloxysilane  662 

Phenylaminomethyl- (methyl )-diisobutoxysilane  662 
Phenylaminomethyl- (methyl)-diisopropoxysilane  662 
Phenylaminomethyl-  (methyl  ) -rid me thoxy  silane  662 

preparation  663 

Phenylaminomethyl-  (methyl  )-dietho*ysilane  662 

Phenylamlncmethyltrimethyl-silane  659 

Phenylacetylenylt  riphenyl-e ilane  182 

Phony lacetylenyltriethaxysilane  328,  377 

Phenylbensyldichlorosilane  468 

* 

Phenylbrooo silane ,  preparation  by  direct  synthesis  457 
Phenyl- (4-bromophenyl )-dichlorosilane  517 
Phenylbrcmophenyldiethoxysilane  334 
Phenyldimethyliodcmethylsilane  212 
Phenyldifluorochlorosilane  454,  474 
Phenyldichlorosilane  475 
preparation  402 
Phenyldichlorofluorosilane  332 
Phenyldicyclohexy  lbrcmo- silane  398 

Phenyldicyc lohexylhydroxy- silane  600 

Phenyldicyclohexylsilane  398 
Phenyldicyclohexylcyclohexyl-oxysilane  398 
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Phenyldicyclohexylethylsilane  398 
Phenyldiethwcyfluorosilane  334 
Pheny li sopr opyltr iphsnyls ilane  186 

Phenyljnethyldichloroailane  498 
Phenylpropylethylaethylsilane  168 
Phenylsilane  148 
Phenyltolyldichlorosilane  486 
Phenylailanetriol  609 
Phenyltriisoaaylo^rsilane  334 
Phenyltrllsobutaxysilane  334 
Phenyltriisocyanatosilane  665 
Phenyltrinethylsilane  459 
PhenyltrljnethoaQrsilane  291,  321,  334 
Phenyltri-(P-«8thoxy»thcay)- silane  334 

Phenyltripropojqrailaae  334 

Phenyltrithioisocyanato silane ,  preparation  672 

Phanyltrlphenoaqrsilane  334 
Phenyltrlfluorosilane  454,  473,  476 
Phenyltrichloroeilane  112,  390,  410,  466,  476,  500,  609 
Phenyltrlchlorosilane ,  cohydrolysis  with  diethyldichlorosil&ne 
preparation  394,  430 
flnorlnation  454 

Phenyltri-(P-chloroethoxy)-silane  334 
Phenyltricyclohexylo3Qr»- silane  321,  334 

Phenyltricycloheayloxysilane,  preparation  3U 
Phenyltriethylsilane  15,  164,  166,  502 
Phenyltriethoxysilane  322,  334 
Phenylfluorodichloroeilane  34,  474 
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Phenylchloroeilanes , 

preparation  by  direct  synthesis  430 
chlorination  502 
Phenylcyclohexylsilanediol  607 
Phenyleyclohaxyldichlorosilane  486 
Phenylcy  c lohexy ldi eye lohexy  loxy  silane  334 

Phenylethyldjichlorosilsne  , 
hydrolysis  571 
preparation  400 

Phenylethyltriethoxysilene  20,  289,  334 
Phenoagr-(nethoxy)-(etha^)-chlnrosilane  306 
Phenooqrtrichlorosilsne  301,  303*  311 
Phenol- formaldehyde  resins  788 

Ferrosilicon,  contact  mass  412 
Fluid  process  422,  424 
Fluorodichlorosilane  122 
Fluorosilanes,  hydrolysis  124 
Fluorotribromosilane  119 

Fluorochlorotetramethylmethylene-disilsne  689 

Chloroallyltrichlorosilsne  516 
a-Chlorobensy ltri c hloros i lane  192,  467 #  511#  516 

1,  l-Chlorobrcmo-2-brcmoethyltrichlorosilane ,  pyrolysis 
tert-Chlorobutyltrichlorosilane  521 
a-Chlorovinyltriethoxysilane  334 
Chlorination  of  tetraalkylsilanes  163 
photochemical  192 

Chloromethylheptamethyldiaethylenetrisilane  692 
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1- Chloramethylheptamethyldiethylenetriailane  691 

a-Chlorcmethylmethyldimethcayailane  659 
Chlorarathylmethyldichlorosilane  443 #  506 

ChloroMthylnonamethyltrimethylenetetrasilane  692 

2- Chloromethylnonamethyltr±ethylenetetrasilane  691 

Chloromethylpentamethyldisiloxans  214#  695 
Chlorcoethylpentaoethylmethylenedisilane  692 
Chloroaethylpentamethy lathy lenedisilane  691 

Chlorooethyltriaethy  la  liana  192,  206 

Chloromethyltrichlorosilane  443 

Y-  Chloropropyltriaathyla ilane  17 

a-Chloropropyltrichloroailane  194#  511#  516 

(3-Chloropropyltrichlorosilane  194#  511#  516 

Y-Chloropropyltrichlorosilane  17#  194#  511#  516 

hydrolysis  525 
Chloro silanes, 

alkylation  432  f  f* 
physical  properties  122#  476 
C  hlorotribrooos ilane  119 

Chlorotriisocyanatosilane  665 
Chlorotriiodosilane  119 
p-Chlorophenyldichlorosilane  475 
4-Chlorophenyltrichlorosilane  516 

3- Chloroethyldianyloxyaceto^rsilane  24 

f-Chloroethylhalosilanes,  degree  of  hydrolysis  17 
f-Chloroethyldibutoxyacetoxysilane  334 
P-ChloroethyldiiMthoxyainylo3Qrsilane  334 
f-^Chloroethyldiroethoxyacetoxysilane  334 
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P-Chloroethyldirnetaoxybutoxysilane  334 
3 -Chloroethyldimethcatypropo^-Bilane  334 

P-Chloroethyldin»thojsrethylcarboxysilane  334 
P-Chloroethyldipropoxyacetoxysilane  334 
P-ChloroathyldipropoxyathylcarboQrsilane  334 
Chloroethyldiethyljuninosilane  448,  457 
Chloroathyldiathylbroinoailane  457 
a-Chloroathyldiathylailanol  598 
preparation  592 

P-ChloroathyldiathylnathylailiLne ,  preparation  194 

P-Chloroethyldiethylphenylailane  194 
Chloroethyldiethylflnorosilane  457 
a-Chloroethyldiethylfluoroailane  511 
P-Chloroethyldiethylfluorosilane  17,  511,  521 
Chloroethyldiethylchlorosilane  448 
a-Chloroethyldiethylchloroeilane  511,  596 

P-ChloroethyldbLethylchlorosilane  17,  194,  511,  521 

3-ChloroethylxliethoayBilane  334 
P-ChloroethyldiethcKybutoj^ailana  334 
P-ChloroethylxlietboacyothylcarboaQra  ilana  334 
P-CBiloroethylaethiyldiethylailane,  preparation  194 
P-Chloroethylfflethoxydiacato^-ailana  334 
p-Chloroethylfflethaxydibutoxy-silane  334 
£-Chloroethylaethoa(ydipropo^r~silane  334 
0-ChloroethylpropojQrdiacetojgreilane  334 
a-Chloroethyltrinethylailane  16 
P  -Chloroethyltrimathylailane  16 

a-Chloroethyltrichlorosilane  443,  511,  516,  523 
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3-Chloroethyltrichlorosilane  34,  511,  516*  519*  524 
a - Chloroethyltriethylsilane  506 

3-Chloroethyltriethylsilane  506 
3-Chloroethylethoxydiacetoxysilane  334 
3 - Chlor oe  t hyl ( ethoxy ) dibutoxy  s ilane  334 

Chryaeon  61 

C ament a  814 

Cyclic  dljnethylsiloxanes,  physical  properties  360 
Cyclic  polydiaethylsiloxanes  541 
Cyclic  polysiloxanes  575,  733 

Cyclohexylaminomethyltriiaethy  la  ilane  661 

Cyclohexyloxy- (allyloxy )-dichloro8ilane  306 

Cyclohexyltrifluoroailane  472 
Cyclohexyltrichloroallane  438,  467 
Cyclohexyltriethoxy silane  291*  334 
Cyclododecamsthylhexaallane  486 
Cyclopentadienyltrimethyl-ailane  181 
Cyclo- (pentamethylenedichlorosilane ) ,  preparation  396 

Cyclo-2,4,6,8-tetraiJBlno-l,3,5,7-octaBethyltetrasilane,  preparation 
Cyclo-2,4,6-triiaiino-l,3,5-hexanethyltriailane,  preparation  482 
Organosinc  compounds,  substitution  of  alkosy  groups  319 
preparation  of  alkyl-  or  arylchlorosilanes  410 

Silicon  tetrabrcsdde, 
preparation  116 
properties  116,  119 
heat  of  fomation  127 
Tetra-substituted  sllsnes  153 
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simple,  preparation  153 


physical  properties  159 
chemical  properties  161  ff. 
with  halogen  in  organic  radical  190  ff,  194,  195 
with  carboxyl  group  in  organic  radical  213 
mixed,  preparation  166 

physical  properties  175  ff* 

chemical  properties  184  ff* 

with  nitro  or  amino  group  in  organic  radical  215 
with  alcohol  group  in  organic  radical  198  ff • 
with  functional  groups  in  organic  radical  190  ff. 
with  ether  or  keto  group  in  organic  radical  206 
Silicon  tetraiodide  117  ff,  240 
heat  of  formation  127 
Silicon  tetrafluoride  116  ff,  450 
heat  of  formation  127 
Silicon  tetrachloride, 

aseotropic  mixture  with  trimethylchlorosilane  424 
alkylation  105  ff* 

hydrolysis  77#  93  ff* 

mechanism  87 
disproportionation  498 
constants  75#  119 
methods  of  preparing  73 
preparation  of  sillcoformic  anhydride  239 
preparation  of  esters  of  orthosilicic  acid  95#  232#  299 
reactions 

of  substitution  of  chlorine  112#  153 
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with  amines  and  ketones  104 
with  diazo  compounds  110 
with  organooetallic  compounds  105  ff* 
with  inorganic  compounds  112 
with  nitrophenols  100 
with  alcohols  and  phenols  95#  232  ff. 
with  hydrogen  sulfide  114 
with  hydrocarbons  110#  434 
with  esters  102#  432 
heat  of  fomatioa  127 
KLastcasrs#  polyorgmnos 1 loxane  791  ff* 

Electrical  properties  of  polyners  740 
Electron- scattering  of  eethylchlorosilane  vapors 
Esterification  129#  230  ff#  477,  500 

Rfchyl mH wvM  1  anm  629#  635 

Ethyludxiotriaethylsilano  627 
Sthylenlnotriethylsilane  629 
Ethylbensyleilanediol  607 
Ithylbenayldlchloroeilane  466 
Bthgrl  borate  as  a  catalyst  776 
Ethylhydrojypbwv  ltriethy  lsilane  206 

Xthyldibenzylsllanol  665 
Ethyldi-(benayl)-chlorosilane  470 
Ethyldiasthyliodoasthy lsilane  195 

Ethyldiaethylchlorosilane  636 
Ethyldi-(phenyl)-chlorosilane  470 
Bthyldi  fluorochlorosllane  468 
Ethyldichlorosilane  475 
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preparation  402 
Ethyldichloroflnorosilane  454 
Ethyldiethoayacetoxysil&ne  334 
Ethyldiethcaychlorosilane  334 
Ethyli a obuty  lbenzy  lsi  lano 1  600 
Ethyl- (isobutyl )-bensylehloroailane  470 
Ethylisobutyldichlorosilane  46 8 
P-[Ethylcarboay-(acsto)-]-ethyltrimethylailane  211 
(3-[Ethylcarboxy(oethyl-aceto ) ] ethyltrine thylsilane  212 
(Ethylcarbo3^TB8thylthiopropyl)-trimethylsilane  672 
(  EthylcarbojQTne  thy  lthiopropyl )- tristhoxysilane  672 

Ethylcarbaaonethyltrlmethyl-silane  206,  212 
preparation  and  reactions  209 
( Ethy lcarboogrethyl )- trims thy 1-silane  21 2 

Ethyl  ester  of  orthos ilicic  acid,  effect  of  moisture  content  of  alcohol 
on  the  yield  233 

preparation  232 

Ethylpropylbensylhydrocogrsilane  186,  600 
Ethylpropylbansylphenylsilane  177 
Ethyl-  (propylj-bensyl  ohlorosllane  470 
Ethylpropyldichlorosilane  466 
Ethylpropylisobutylbenaylsilane  177 
Ethylpropylphenylsilanol  600 
Ethyl- (propyl)- phenylchlorosilane  470 
Ethylsilane  146,  152 

Ethyl  silicate,  see  Esters  of  orthosilicic  acid 
Ethylsilicate-40  252,  263 

alcohol-water,  solubility  diagram  285 
Ethyltriamyloxy silane  334 
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Ethyltriacetoxysilane  334 
Ethyltributoxysilane  334 
Ethyltriisoanyloxysilane  334 
Ethyltriisobutoxysilane  334 
.Ethyltrilsocyanatosilane  665 
Ethyltrimethylailane  156,  168 
Ethyltrimethojcysilane  334 
Ethyltripropojgrsllane  334 
lifthyltrithioisocy&tiatosilane,  preparation  672 
Ethyltri-  ( trine thy  la  ilnxy )  -  silana  488 

Ethyltrl-  (phanylanino  )-ailana  635 

Ethyltriphanylsilane  177 
Ethjltrifluoros liana  452,  473 

Bttyltrlehlorosilana  31,  34,  428,  467,  476,  500 
preparation  392 
fluorlnation  454 
chlorination  511 
Ethyltrlethoagrsilane  321,  334 
preparation  322 
rate  of  hydrolysis  357  ff. 
partial  hydrolysis  366 

Bthylphanyl— 1  nr— thy  1-  (aethyl  }*Kliisoaay looeys  liana  662 

Ethylptaanylaninc— thyl-  (nethyl  )-diisobutazysilsne  662 

Kthylphsnyl  —1  rweethyl-  (nethyl  J-diisopropo^silane  662 

g»  tyi  thoaqrallane  662 

Ethylphenyl  sal  nn— thy  1- (nethyl  )-diethcaysilane  662 
Ethylphenylsilanediol  607 
Ethylphsnyldiehlorosilane  469,  578 
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Ethylfluorodichlorosilane  46 6 
Ethylchlorodifluorosil&ne  454 


1 


Ethylchlorosilanes,  preparation  by  direct  synthesis 
Ethoxy- (allyloxy  )-dichlorosilane  303,  306 
preparation  301 

Ethoogr-tert-butoxydiaodno-ailane  643 
Ethoxydi- ( allyloxy )-chlorosilane  303,  306 
Ethoxydibutoxysilane  254 
EthojQToaethyltrimethylailane  21 2 
preparation  206 
Ethoaytrially  lojgrs  ilane  253 
Ethoxytributoxysilane  253 
EthoxytriisoanylajQrsilane  253 
Ethaxytriisobutoxysilane  253 
EthojQrtriisocyanatosilane  665 
preparation  665 
Ethcagrtriawthallyloaorsilane  253 
Ethaxytrlflnorosilane  303 
EthoJQrtrichloroeilane  303,  311 
p-Ethoxyphenyltrichlorosilane  46 8 

Eaters  of  orthosilieie  acid, 
alcoholysis  242 
reactions 

with  acid  anhydrides  296 

with  organic  compounds  296 

with  hydrogen  halides  294 

with  acids,  aldehydes  and  ketones  295 

with  organoastallio  coapounda  287  ff • 
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with  ilwfaw  chloride  2% 
higher  272 
hydrolysis  254 
formation  95 
reesterification  246 
polymerization  296 
production  252 
symaetrization  294 
nixtures  with  alcohols  334 
physical  properties  252 

chemical  properties  254 
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